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CHAPTER VI

EXPERIMENTAL FLOW IN TWO-DIMENSIONAL CASCADES

By Seymour Lieblein

SUMMARY

Available experimental two-dimensional-cascade dats for conventlonal
compressor blade sections are correlated. The two-dimensional cascade and
some of the principel serodynamic factors involved in its operation are
first briefly described. Then the data are analyzed by examining the
variation of cascade performance at a reference incidence aengle in the
region of minimum loss. Variations of reference incidence angle, total-
Pressure loss, and deviation angle wlth cascade geometry, inlet Mach num-
ber, and Reynolds number are Investigated.

From the analysis and the correlations of the available data, rules
and relations are evolved for the predictlon of the magnitude of the ref-
erence total-pressure loss and the reference deviation and incidence angles
for conventional blade profiles. These relatlons are developed in simpli-
fied forms readily applicable to compressor design procedures.

INTRODUCTION

Because of the complexity and three-dimensional character of the flow
in multistage axial-flow compressors, various simplified approaches have
been adopted in the quest for accurate blade-design data. The prevailing
epproach has been to treat the flow across individusl compressor blade
sections as a two-dimensional flow. The use of two-dimensionally derived
flow characteristics in compressor design has generally been satisfactory
for conservative units (ch. IIT (ref. 1)).

In view of the limitations involved in the theoretical calculation of
the flow sbout two-dimensionsl blade sections (che. IV and V (ref. 1)),
experimental investigations of two-dlmensional cascades of blade sectlons
were adopted as the principal source of blede-design data. REarly experi-
mental cascade results (e.g., refs. 2 to 4), however, were marked by a
senslitivity to individual tunnel design and operation. This was largely a
regult of the failure to obtain true two-dimensional flow. Under these
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circumstances, the correlation of 1lsolated dats was very difficult. Sowe

efforts were made, however, to correlate limited experimental data for use
in compressor design (e.g., ref. 5). The Britigh, in particular, through

the efforts primerily of Carter and Howell, appear to have made effective

use of their early cascade investigations (refs. 6 to 9).

In recent years, the introductlon of effective tunnel-wall boundary-
layer removal for the establishment of true two-dimensional flow gave a
substantial impetus to cascade snalysis. In particular, the porous-wall
technique of boundary-layer removal developed by the NACA (ref. 10) was s
notable contribution. The use of effective tunnel boundasry-layer control
has resulted in more consistent systematic test data (refs. 11 to 14) and
in more significant two-dimensionel comparisons between theoretical and
experimental performance (refs. 15 to 17). With the availability of a
considerable amount of consistent data, it has become feasible to investi-
gate the existence of genersasl relatlons among the various cascade flow
parameters. Such relations curtail the amount of fubure experimental
-data needed and &lso result in more effective use of the data currently
availsble,

Inasmuch as the primary functlon of cascade information 1ls to ald in

the design of compressors, the present chapter expresses the existing cas-

cade data in terms of parameters appliceble to compressor design. Such
expression not only facilitates the design of moderate compressors but
also makes possible a rapid comparison of cascade data with data obtained
from advaenced high-speed compressor configurastions. Since the bulk of the
available cascade data has been obtained at low speed (Mach numbers of the
order of 0.1), the question of applicability to such high-speed units is
very significant. It is necessary to determine which flow parameters can
or cannot be applied, to what extent the low-speed dsta are directly
useble, and whether corrections can be developed in those areas where the
low-speed data cannot be used directly.

In this chapter, the availsble cascade data obtained from a large
number of tunnels are reworked in terms of what are believed to be
significant parsmeters and, wherever possible, correlated in generalized
forms. The performarice parameters considered in the correlation are the
outlet-air deviation angle and the cascade losses expressed in terms of
blade-wake momentum thickness. The correlations are based on the varia-
tions of the performance parameters with cascade geometry (blade profile
shape, solidity, chord angle) and. inlet flow conditions. In view of the
difficulties involved in esteblishing correlations over the complete range
of operation of the cascade at various Mach number levele, the analysis
is restricted to an examination of cascade performasnce at a reference
incidence-angle location 1in the region ¢f minimum loss.

The chapter is divided into four mein sections: (1) a brief descrip-
tion of the two-dimensional cascade and of the parameters, concepts, and

3383
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data involved in the analysis, (2) an analysis of the variation of the
reference incidence angle with cascade geometry and flow conditions,
(3) an analysis of the variation of total-pressure loss at the reference
incidence angle, and (4) an analysis of the variation of deviation angle
at the reference incldence angle. '
SYMBOLS

The following symbols are used in this chapter:
A flow area
b exponent in deviation-angle relation
c chord length
D diffusion factor (based on over-all velocities)

D; local diffusion factor (based on local velocities)

a exponent in waeke velocity-distribution relations

f function

H  wake form factor, &¥*/9%

i incidence angle, angle between iInlet-air directlion and tangent to
blade mean camber line at leading edge, deg

i, incidence angle of uncambered blade section, deg

Ko compressibility correction factor in loss equation
Ky correction factor in incidence-angle relatlon
K5 correction factor in deviation-angle relation

M Mach number
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Pactors in deviatlon-angle relation

slope factor in incidence-angle relation
total or stagnation pressure
static or stream pressure

Reynolds number based on chord length

blade spacing

blade maxinmum thickness
alr velocity.

coordinate normal to axis
coordinate along axis

engle of attack, angle between inlet-air direction and blade
chord, deg : .

air angle, engle between air velocity and asxial direction, deg

blade-chord angle, angle between blade chord and axial directibn,
deg '

wake full thickness
weke displacement thickness S

deviation angle, angle between outlet-air directlion and tangent
to blade mean cember line at tralllng edge, deg

deviation angle of uncambered blade section, deg

wake momentum~defect thickness
density T
so0lidity, ratio of chord to spacing

blade camber angle, difference between aﬁgles of tangents to meén
camber line at leading and tralling edges, deg

£8es
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) totel-pressure-loss coefficient
Subscripts:
av average

i.e. incoumpressible equation

inec incompressible

1 lower surface

max maximum

ref reference

sh blade shape

t blade maximum thickness
u upper surface

z axial direction

) tangential direction

0o free stream

1 station at c;scade inlet
2 station at cascade exit (measuring station)
10 10 percent thick

PRELIMINARY CONSIDERATIONS
Description of Cascade

A schematic diasgram of & low-speed two-dimensional-cascade tunnel is
shown in figure 1 to 1llustrate the general tunnel layout. The principal
components of the conventional tunnel are a blower, a diffuser section,
a8 large settling chember with honeycomb and screens to remove any swirl
and to ensure a uniform veloclty distribution, a contracting section to
accelerate the flow, the cascade test section, and some form of outlet-
air guidence. The test section contalins a row or cescade of blades set
in a mounting device that can be altered to obtainr a range of air inlet
angles (angle p1 in figs. 1 and 2). Variations in blade angle of atteck
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are obtained either by roteting the blades on their individusal mounting. Lo
axes (i.e., by varying the blade-chord angle y©) while maintaining o
a fixed air angle ar by keeping the blade-chord angle fixed and varying

the air inlet angle by rotating the entire cascade. Outlet flow meas-

urements are obtalned from a traverse along the cascade usually between

1 chord lengths behind the blade trailing edge at the blade mid-

1
EtO 12
span. In the analysis, blade outlet refers to the cascade measuring
station.

In most cases, some form of wall boundary-layer control in the cas=
cade 1s provided by means of suctlion through slots or porous-wall sur-
faces. Examples of different tunnel designs or detailed information
concerning deslgn, construction, and operation of the two-dimensional-
cascade tunnel can be obtained from references 10, 11, and 18 to 20.

5383

Nomenclature and symbols designating cascade blade characteristics
are given in figure 2. As In isolated-airfoil practice, cascade blade
shapes are normally evolved by adding a basic thickness distribution to
a mean camber line. The mean camber line (as indicated in fig. 2) rep-
resents the basic curvature of the profile. Some frequently used curva- ‘
tures are the NACA (Alo) and related mean lines (refs. 11 and 13), the

circular-arc mean line (ref..6)}, and the parabolic-arc mean line (ref. 12).
Two popular basic thickness distributions are the NACA 65-series thickness
distribution (ref. 11) and the British C.4 thickness distribution (ref. 6).
A high-speed profile has also been obtained from the construction of a .. —
circular-arc upper and lower surface (ref. 21); this proflle 1s referred

to as the double-circular-src blade.

Performance Parameters

The performance of cascade blade sections has generally been pre-
sented as plots of the varilation of alr-turning angle, 1ift coefficlent,
and flow losses agalnst blade angle of attack (or incidence angle) for a
given cascade solidity and blade orientation. Blade orientation is ex-
pressed in terms of elther fixed ailr inlet angle or fixed blade-chord
angle. Flow losses have been expressed in terms of coefflicients of the
drag force and the defects in outlet total pressure or momentum. A recent
investigation (ref. 22) demonstrates the significance of presenting cas-
cade losses in terms of the thickness and form characteristics of the
blade wakes.

In this analysis, the cascade loss parameters comnsidered are the wake S
momentum-thickness ratic 6 */c (ref. 22) and the total-pressure-loss coef-
ficlent wl, defined as the ratio of the average loss 1n total pressure

across the blade to the inlet dynamic head. Cascade losses sre considered
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in terms of E%R since this parameter can be conveniently used for the

determination of compressor blade-row efficiency and entropy gradients.
The parameter 9*/c represents the basic wake development of the blede
profile and, as such, cqnstitutes a significant parameter for correlation
purposes. Values of © /c were computed from the cascade loss data ac-
cording to methods similar to those presented in reference 22. The
diffusion factor D of reference 23 was used as a measure of the blade
loading 1n the region of minimum loss.

In the present analysis, it was necessary to use a uniform nomencla-
ture and consistent correlation technigue for the various blade shapes
congidered. It was believed that this could best be accomplished by
considering the approach characteristics of the blade in terms of air in-
cidence angle 1, the camber characteristics In terms of the canmber angle
¢, and the air-turning chsracteristics in terms of the deviation angle 3°
(fig. 2). As indicated in figure 2, these angles are based on the tan-
gents to the blade mean camber line at the leading and trailing edges.
The use of the deviation angle, rather than the turning angle, as a meas-
ure of the air outlet direction has the advantage, for correlation pur-
poses, of a generally small variatlon with incidence angle. Air-turning
angle 1s related to the camber, incidence, and deviation angles by

M8 =¢+1i-28° (1)

Incidence angle is comnsidered positive when it tends to increase the air-
turning angle, and deviation angle 1s considered positive when it tends
to decrease the air-turning angle (fig. 2).

The use of incidence and deviation angles requires a unique and rea-
songble definition of the blade mean-line angle at the leading and tralling
edges, which may not be possible for some blade shapes. The principal
difficulty in this respect 1s in the 65-(A;y)-series bledes (ref. 11),.

whose mean-line slope is theoretically Infinite at the leading and trailing
edges. However, 1t is still possible to render these sections usable in

the analysis by arbitrarily establishing an equivalent circulsr-arc mean
camber line. As shown in figure 3, the equivalent circulsr-arc mean line
is obtained by drawing a circular arc through the leading- and trailing-
edge points and the point of meximum camber at {the midchord position.
Equivalent incidence, deviation, and camber angles can then be established
from the equivalent circular-arc mean line as indicated In the figure.

The relation between equivalent camber angle and isolated-airfoil 1ift
coefficient of the NACA 65-(4;4)-series mean line is shown in figure 4,

A typical plot of the cascade performance parameters used in the
analysis is shown in figure 5 for a conventional blade section at fixed
s0lidity and air inlet angle.
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Data Selection

In selecting dsta sources for use in the cascade performance corre-
lations, it 1s necessary to conslder the degree of two-dimensionality
obtalined in the tunnel and the magnitude of the test Reynolds number and
turbulence level.

Two-dimensionality. - As indicated previously, test results for a
given cascade geometry obtained from different tunnels msy vary because
of a failure to achieve true two-dimensional flow across the cascade.
Distortilons of the true two-dimenslonal flow are caused by the tunnel-wall
boundary-layer growth and by nonuniform inlet and outlet flow distribu-
tions (refs. 10 and 18). In modern cascade practice, good flow two-
dimensionality 1s obtained by the use of wall-boundary-~layer control or
large tunnel size in conjunction with a large number of blades, or both.

references 11 and .l1l9.

The lack of gocod two-dimensionality in cascade testling affects pri-
merily the air-turning angles and blade surface pressure distributions.
Therefore, deviation-angle data were rejected when the two~-dimensionality
of the tunnel appeared questionable {usually the older and smaller tunnels)
Practically all the cascade loss data were usaeble, however, since varia-
tions in the measured loss obtained from a given cascade geometry in dif-
ferent tunnels will generally be consistent with the measured diffusion
levels (unless the blade spen is less than sbout 1 or 2 inches and there
is no extensive boundary-layer removal).

Reynolds number and turbulence. - For the same conditions of. two-
dimensionality and test-section Mach number, test results obtained from
cascades of the same geometry may vary because of large differences in the
megnitude of the blade-chord Reynolds number and the free-stream turbu-
lence. Examples of the effect of Reynolds nudber ahd turbulence on the
losses obtained from a given blade section at fixed incidence angle are
presented in figure 6. Simllar pronounced effects are observed on the
deviation angle. As discussed in chapter V (ref. l), the loss variatlon
with Reynolds number is associsted primerily with a locel or complete
separation of the laminer boundary layer on the blade surfaces. The data
used in the correlation are restricted to values of blade-chord Reynolds

mumber frow sbout 2.0%10° to 2.5x10° in order to minimize the effects of
different Reynolds numbers. Free-stréam turbulence level vas not gen-
erally determined in the various cascade tunnels.

In some cases (refs. 1l and 24, e.g. ), in tunnels with low turbulence
levels, marked local laminar-separation effects were observed in the range
of Reynolds number selected for the correlation. Illustrative plots of
the variation of total-pressure-loss coefficilent with angle of attack for
g ceaecade with local lamlnar separation are shown in figure 7. In such
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instances, 1t was necessary to estimate the probsble varistion of loss
(and deviation angle) in the sbsence of the local separation (as indicated
in the figure) and use values obtained from the falred curves for the
correlations. ' '

The specific sources of data used in the analysis are indicated by
the references listed for the various .performance correlations. Details
of the tunnel construction and operation and other pertinent information
are given in the individusal references.

Approach

In & correlation of two-dimensional-cascade data that 1s intended
ultimately for use in compressor blade-element deslign, the variations of
performance parameters should be established over a wide range of incidence
angles. Experience shows (fig. 8) that the variation of loss with inci-
dence angle for a given blade section changes markedly as the inlet Mach
number is increased. Consequently, correlated low-speed blade performance
at high and.low incidence angles 1is not applicable at high Mach numbers.
The low-speed-cascade performance 1s therefore considered at some refer-
ence point on the general loss-against-incidence-angle curve that exhiblts
the least variation in location and in megnitude of performance parameters
as Mach number is increased.

The reference location herein is selected as the point of miniwmum
loss on the curve of total-pressure loss against Incldence angle. For
conventional low-speed-cascade sections, the region of low-loss operation
is generally flat, and it is difficult to establish precisely the value
of incidence angle that corresponds to the minimum loss. For practical
purposes, therefore, since the curves of loss coefficient against incidence
angle are generally symmetrical, the reference minimum-loss location was
established at the middle of the low-loss range of operatlon. Specifi-
cally, as shown in figure @, the reference location is selected as the
incidence angle at the midpoint of the range, where range ls defined as
the change in incidence angle corresponding to a rlse in loss coefficient
equal to the minimum value. Thus, for conventional cascade sections, the
midrange réference location is considered coincident with the point of
minimum logss. In addition to meeting the ebovementioned requirement of
smell variation with inlet Mach number, the reference minimum-loss inci-
dence angle (as compared with the optimum or nominal incidence settings
of ref. 25 or the design incidence setting of ref. 11) requires the use of
only the loss varistion and also permits the use of the diffusion factor
(applicable in region of minimum loss) as a measure of the blade loading.

At this point, it should be kept in mind that the reference minirum-

lose lncidence angle 1s not necesserlly to be considered as a recormended
design point for compressor application. The selection of the best
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incidence angle for a particular blade element in a multistage-compressor
design is a function of many considerstions, such as the location of the
blade row, the design Mach number, and the type and application of the
design. 1In general, there 1s no one universal definition of design or
best lincidence angle. The cascade reference location is established
primarily for purposes of analysis.

0f the many blade shapes currently in use in compressor design prac-
tice (i.e., NACA 65-series, C-serles circular arc, parabolic arc, double
circular arc), data sufficient to permit a reasonebly complete and signifi-
cant correlation have been published only for the 65- (Alo)-series blades of

reference 1l. Therefore, a basic correlation of the 65-(Ajp)-series data

had to be estaeblished first and the results used as a guide or foundation
for determining the corresponding performance trends for the other blade
shapes for which only limited date exist. '

Since the ultimate objective of cascade teste is to provide informa-
tion for designing cowmpressors, it is desirsgble, of course, that the
structure of the data correlations represent the compressor situation as
closely as possible. Actually, a blade element in a compressor represents
a blade section of fixed geometry (i.e., fixed profile form, solidity, and
chord angle) with varying inlet-air a.ngle. In two-dimensional-cascade
practice, however, varistions in incldence angle have been obtained by
varying elther the inlet-ailr angle or the blade-chord angle. The available
systematic data for the NACA 65- (Aio)—series blades (ref. 11) have been ob-

tained under conditions of fixed inlet-alr angle and varying blade-chord
angle. BSince these data form the foundation of the analysis, it was nec-
essary to esta¥lish the cascade performance correlations on the baeis of
 fixed inlet-air angle. Examination of limited unpublished low-speed data
indicate that, as illustrated in figure 10, the loss curve for comstant
air inlet angle generally falls somewhat to the right of the constant-
chord~angle curve for fixed values of Bl and ¥° in the low-loss region

of the curve. Values of minimum-loss incidence angle for fixed Bl - op-

eration are indicated to be of the order of 1° or 2° greater than for
fixed v° operation. An approximate allowance for this difference is
made in the use of reference-incidence-angle data from these two methods.

With the definition of reference incidence angle, performance parame-
ters, and anslytical approach established, the procedure is first to de-
termine how the value of the reference minimum~loss incidence angle varles
with cascade geometry and flow conditions for the avallable blade profiles.
Then the variation of the performence parameters is determined at the
reference location (as indicated in fig. 5) as geometry and flow are
changed. Thus, the various Factorse involved can be appraised, and corre-
lation curves and cherts can be established for the availeble data. The
analysis and correlstion of cascade reference-point characteristics are
presented in the following sections.
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INCIDENCE-ANGLE ANALYSIS
Preliminary Analysils

In an effort to obtain a general empirical rule for the locatlon of
the reference minimum-~loss incidence angle, 1t is first necessary to ex-
amine the principal influencing factors.

It 1s generally recognized that the low-loss region of incidence
angle is identified wlth the absence of large veloclty peaks (and subse~
quent decelerations) on either blade surface. For infinitely thin sec-

" tione, steep velocity gradients are avoided when the front stagnation

point is located at the leading edge. This condltlon has frequently been
referred to as the condition of "impact-free entry." Weinig (ref. 26)
used the criterion of stagnatlon~point location to esteblish the varia-
tion of "impact-free-entry" incidence angle for infinitely thin circular-
arc sections from potential-flow theory. Results deduced from reference
26 are presented in figure 11(a). The minimum-loss incidence angle is
negative for infinitely thin blades and decreases linearly with camber for
Pixed solidity and blade-chord angle.

While there is no definite corresponding incidence-angle theory for
thick-nose blades with rounded leading edges, some equivalent resulis have
been obtained based on the criterion that the location of the stagnation
point in the leading-edge region of a thick blade is the controlling fec-~
tor in the determination of the surface velocity distributions. Carterx,
in reference 9, showed semltheoretically on this basis that optimum in-
cidence angle (angle at maximum l1ift-drag ratio) for a conventional 10-
percent-thick circular-arc blade decreases with Incressing camber angle.
The results of reference 9 were followed by generalized plots of optimum
incidence angle in reference 25, which showed, as in figure 11(a), that
optimum incidence angle for a 10-percent-thick C-serles blade varies with
camber angle, solidity, and blade orientation. (In these references,
blade orientation was expressed in terms of air outlet angle rather than
blade-chord angle.) The plot for an outlet-air angle of 20° is shown in
figure ll(b). Apparently, the greater the blade circulation, the lower
in magnitude the minimum-loss incidence angle must be. It is reasonshle
to expect, therefore, that the tremds of variation of minimum-loss in~
cidence angle for conventional blade sections will be similar to those
established by thin-airfoil theory.

A preliminary examination of experimental cascade daba showed that
the minimum-loss incidence angles of uncambered sections (w = 0) of con-
ventional thicknesses were not zero, as indicated by theory for infinitely
thin blades (fig. 11(=)), but always positive in value. The appearance
of positive values of incidence angle for thick blades i1s attributed to
the existence of velocity distributions at zero incidence angle that are
not symmetrical on the two surfaces., Typical plots Illustrating the high
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velocities generally observed in the inlet region of the lower (pressure)
surface of thick uncambered blades st zero incidence angle are shown in
figure 12, Apparently, an increase 1n incldence angle from the zero value
is necessary in order to reduce the lower-surfece velocity to a more
equitable distribution that results in & minimum of the over-all loss.
This zero-camber thickness effect will appear only for blade-chord angles
between O° and 90°, since, as indiceted by the highly simplified one-
dimensional model of the blade pessage flow in figure 13, the velocity
distributions at these limlt angles are symmetrical.

The effect of blade thickness blockage on "“impact-free-entry" inci-
dence angle for straight (uncambered) blades of constant chordwise thick-
negs in incompressible two-dimensionel flow ls investigated in reference
27. The results of reference 27 are plotted in terms of the parameters
used in this analysis in figure 14. It 1s reasonable to expect that
similar trends of verilations of zero-camber reference minimum-loss inci-
dence angle will be obtalined for compressor blade profiles.

On the basis of the preceding analysis, therefore, 1t is expected
that, for low-speed-cascade flow, reference minimum-loss incldence.angle
wlll generally be positive at zero camber and decrease with increasing
canber, depending on solidity and blade-chord angle. The avallable theory
also indicates that the variation of reference incidence angle with camber
at fixed solidity and chord angle might be essentlally linear. If so, the
variations could be expressed in terms ofslope and intercept values,
where the intercept value represents the magnitude of the incidence angle
for the uncambered section (function of blade thickness, solidity, and
blade-chord angle). Reference minimum-loss incldence angle may alsc vary
with inlet Mach punber and poseibly with Reynolds number.

Data Correlations

Form of correlation. - Although preliminsry theory indicates that
blade-chord angle is the significant blade orientation parameter, it was
necessary to establish the data correlations in terms of inlet-alr angle,
as mentioned previously. The observed cascade data were found to be rep-
resented satisfactorily by a linear varlation of reéference incidence angle
with camber angle for fixed solidity and inlet-alr angle. The variation
of reference minimum-loss incidence angle can then be described in egua~

tion form as

i=1,+ ng : (2)

where i, is the incidence angle for zero camber, and n 1is the slope
of the incidence-angle variation with cember (i - i,)/e.
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Since the existence of a finite blade thickness 1s apparently the
cause of the positive values of iy, 1t is reasonsble to assume that both
the magnitude of the maximm thickness and the thickness distribution
contribute to the effect. Therefore, since the 10-percent-thick 65-series
blades of reference 11 are to be used as the basis for a generalized cor-
relation of all conventional blade shapes, 1t is proposed that the zero-
camber reference incidence angle be expresséd in the form

1o = (K1) en(®i):(i0)10 . (3)

where (io)lo represents the variation of zero-camber incidence angle for
the 10-percent-thick 65-series thickness distribution, (Ki)t represents
any correction necessary for meximum blade thicknesses other than 10 per-
cent, and (Ki)sh represents any correction necessary for a blade shape

with & thickness distribution different from that of the 65-series blades.
(For a 10-percent-thick 65-series blade, (K;)y =1 and (Ki)gn = 1.)

The problem, therefore, is reduced to finding the values of n and
i, (through eq. (3)) as functions of the pertinent varilebles involved for

the various blade profiles considered.

NACA 65-(A,g)-series blades. - From the extensive low-speed-cascade
data for the 65-(A10)—series blades (ref. 11), when expressed in terms of

equivalent incidence and camber sngles (figs. 3 and 4), plots of i, and

n can be deduced that adequately represented the minimum-loss-incidence-
angle variations of the data. The deduced values of i, and n as func-

tions of solidity and inlet-air angle are given for these blades in fig-
ures 15 and 16. The gubscript 10 in figure 15 indicates that the i,

values are for 10-percent maximum-thickness ratio. Values of intercept
1, end slope n were obtained by fitting a straight line to each data

plot of reference incidence angle agsinst camber angle for a fixed so-
1idity and air inlet angle. The straight lines were selected so that
both a satisfactory representation of the variation of the data points
and a consistent variation of the resulting n and 1, values were
obtained.

The deduced rule values and the observed data polnts compared in fig-
ure 17 indicate the effectiveness of the deduced representation. In sev-
eral configurastions, particularly for low cambers, the range of eguivalent
incidence angle covered in the teats was insufficlent to permit an accurate
determination of a minimum-loss value. Some of the scatter of the data
may be due to the effects of local leminar separation in altering the
renge characteristics of the sectlons.
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Although the cascade data 1n reference 11l include values of inlet-
air angle from 30° to 70° and values of solidity from 0.5 to 1.5, the
deduced variations in figures 15 and 16 are extrapolated to cover wider
ranges of p; and o. The extrapolation of 1, to zero at By =0 1is

obvious. According to theory (fig. ll), the value of the slope term does
not vanish at Bl =.0. In figure 16, therefore, an arbitrary fairing of

the curves down to nonzero values of n was adopfed as indicated. Ac-
tually, 1t 1s not particularly critical to determine the exact value of
the slope term at B3 = O necessary to locate the reference incidence

angle precisely, since, for such cases (inlet guide vanes and turbine
nozzles), a wide low-loss range of operation 1s usually cbtained. The
solidity extrapolstions were attempted because of the uniform variatioms
of the data with solidity. However, caution should be exercised in any
further extrapolastion of the deduced variations. ’

C-Series cilrcular-arc blades. - The various thickness distributions
-used 1n .combination with the clrcular-arc mean line have been designated
c.1, C.2, C.3, and so forth (refs. 25, 28, and 29). In general, the
various C-series thickness distributions are fairly similar, and have
theilr maximum thickness located at between 30 and 40 percent of the chord
length, The 65-series and two of the more popular C-series thickness dils-
tributions (C.1 and C.4) are compared on an exaggerated scale in filgure
18. (The 65-series profile shown is usually thickened near the trailing
edge in actual blade construction. ) :

In view of the somewhat greater thickness blockage in the forward
portions of the C-series blades (fig. 18), it may be that the minimum-loss
incldence angles for zero camber for the C-series blades are somewhatl
greater than those for the 65-series profiles; that 1s, (Ki)gy > 1. In

the sbsence of any definitive cascade data, the value of (Kj)g, for the

C-serles profiles was arbitrarily taken to be 1.1. Observed minimum-loss
incidence angles for an uncanbered 10-percent-thick C.4 profile (obtained
from ref. 30) are compared in figure 19 with values predicted from the

deduced (ig)yo values for the 65-series blade (fig. 15 and eq. (3)) with

an assumed value of (Ky)g, = 1.1. (For 10-percent thickness, (K;), = 1)

In view of the similarity between the 65-(A10)-series mean line and

a true circular arc (fig. 3), the applicability of the slope values in
figure 16 to the circulasr-arc mean line was investigasted. For the recent
cagcade data obtained from tunrels having good boundary-layer conbtrol
(refs. 15 and 31), a check calculation for the 10-percent-thick C.4
circular-arc blades using figures 15 and 16 with (Ki)sh = 1.1 revealed

good results. For the three configurations in reference 31 tested at
constant B; (¢ = 30°), the agreement between observed and predicted

L
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minimum-loss incidence angles was within 1°. For the one configuration in
reference 15 tested at constant 71° (¢ = 31°), the predicted value of
minimum-loss incidence angle was 1.7° greater than the observed value.
However, in view of the general 1° to 2° difference between fixed By

and fixed y° operation (fig. 10), such a discrepancy is to be expected.

On the basis of these limited data, it appears that the low-speed minimum-
loss incidence angles for the C-seriles clrcular-arc blade can be obtained
from the i, and n values of the 65-series blade with (K;)gn = 1.1.

Double-circular-arc blades. - The double-circular-arc blade is com-
posed of circular-arc upper and lower surfaces. The arc for each surface
is drawn between the point of maximum thickness at midchord and the tan-
gent to the clircles of the leading- and trailing-edge radii. The chord-
wise thickness distribution for the double-circular-arc profile with 1-
percent leading- and tralling-edge radius is shown in figure 18. ILack of
cascade data again prevents an accurate determination of a reference-
incidence-angle rule for the double clrcular arc. Since the double-
circular-arc blade is thinner than the 65-series blade 1n the inlet region,
the zZero-canber incidence angles for the double~circular-arc blade should
be somewhat different from those of the 65-series section, with perhaps
(Ki)sh< 1. It can also be assumed, as before, that the slope-term values
of figure 16 are valid for the double-circular-arc blade. From an examina-
tion of the available cascade data for the double-circular-arc blade
(p = 259, ¢ = 1.333, ref. 21; and ¢ = 40°, ¢ = 1.064, ref. 28), it ap-
pears that the use of figures 15 and 16 with a value of (Ki)sh = 0.7 in

eguations (2) and (3) results in a satisfactory comparison between pre-
dicted and observed values of reference incidence angle.

Other blades. - Similer procedures can be applled to estaebllsh ref-
erence incidence-angle correlations for other blade shapes. Cascade data
are also available for the C-series parabolic-arc blades (refs. 12, 21,
30, 32, and 33) and the NACA 65- (Aj0)-series blade (ref. 13); but, in view
of the limited use of these forms in current practice, no attempt was made
at this time to deduce corresponding incidence-angle rules for these
blades.

Effect of blede maximum thickness. - As indicated previously, some
correction (expressed here in terms of (Ky)i, eq. (3)) of the base values

of (io)lo obtalned from the 10-percent-thick 65-gseries blades in figure

15 sghould exlist for other values of blade maximum-thlckness ratio. Ac-
cording to the theory of the zero-camber effect, (K;)y should be zera for

zero thickness and increase as maximum blade thickness is increased, with
a value of 1.0 for & thickness ratio of 0.10. Although the very limited
low-speed data obtained from blades of variable thickness ratio (refs. 3¢
and 35) were not completely definitive, it was possible to establish a
preliminary thickness-correction factor for reference zero-camber incidence
angle as indicated in figure 20 for use in conjunction with equation (3).
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Effect of inlet Mach number. - The previous correlations of reference
minimum-loss incldence angle. have all been based on low-speed-cascade
data. It appears from limited high-speed data, however, that minimim-loss
incidence angle will vary with increasing inlet Mach number for certain
‘blade shapes.

The variations of minimum-loss Ilncidence angle wilth inlet Mach number
are plotted for several blade shapes in figures 21 and 22. The extension
of the test data polnts to lower values of inlet Mach number could not
generally be masde because of reduced Reynolds nunbers or insufflclent
points to establish the reference location at the lower Mach numbers. In
sonme instances, however, it was possible to cbtain low—speed values of in-
cldence angle from other sources.

The blades of figure 21 show essentially no variation of minimum-loss
incidence angle with inlet Mach number, &t least up to a Mach number of
sbout 0.8. The blades of flgure 22, however, evidence a marked incresase
in incidence angle with Mach number. The difference in the variation of
minimum-loss incldence angle with Mach number in figures 21 and 22 is as-
sociated with the different way the general pattern of the loss variation
chenges wlth increasing Mach number for the two types of blades. For the
thick-nose blades, as illustrated in figures 8(a) and (b), the loss coef-
ficient increases with Mach number at both the high and low incidence
angles; thus tending to maintain the same point of minimum loss. For the
sharp-nose blade, as illustrated by figures 8(c) and (d), the increase in
loss occurs primerily on the low-incldence-angle side; and a positive
shifting of the minimum-loss incldence angle results. Dats for other
thick-nose sections in reference 33 show the rise in loss to occur at both
ends of the curve, but plots of reference incidence angle against Mach num-
ber could not validly be made for these blades because of evidence of
strong local laminar-separation effects.

Since the most obvious difference between the hlades in Ffigures 21
and 22 is the construction of the leading-edge region, the data suggest
that blades wilth thick-nose inlet regions tend. to show, for the range

of inlet Mach number covered, essentially no Mach number effect on minimum-

loss incidence angle, while blades with sharp lesding edges will have a
significant Mach number effect. The availleble data, however, are too
limited to conclusively confirm this observation at this time. Further-
more, for the blades that do show a Mach number effect, the magnitude of
the variation of reference incidence engle with Mach number I1s not cur-
rently predictable.

Summary

The analysis of blade-sectlon reference minimum-loss incildence angle
shows that the varlatlon of the reference incldence angle wlth cascade
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geometry at low speed can be established satisfactorily in terms of an
intercept value i, and a slope value n as given by equation (2). De-

duced values of io end n were obtalined as a function of Bl end o

from the data for the 10-percent-thick 65-(A10)-series blades of reference

11 as equivalent circular-arc sections (figs. 15 and 16). It was then
shown that, as & first approach, the deduced values of (i,);g and n in

figures 15 and 16 could also be used to predict the reference incidence
angles of the C-series and double-circuler-arc blades by means of a cor-
rection (K;)gn to the (ig)jo values of figure 15 (eq. (3)).

The procedure involved in estimating the low-speed reference minimum-
loss incidence angle of a blade section is as follows: From known values
of Bl and o, (io)lo and n are selected from figures 15 and 16. The

value of (Ki)t for the blade maximum-thickness ratio is obtained from

figure 20, and the appropriate V&lue of (K;)g, 1s selected for the type
of thickness distribution. For NACA 65-series blades, (Ki)sh = 1.0; and

it is proposed that (Ki)sh be taken as 1.1 for the C-series circulsr-arc

blade and as 0.7 for the double-circular-arc blade. The value of io is

then computed from equation (3); and, finally, 1 1is determined from the
blede camber angle according to equation (2).

It should be noted that the values of (Ki)sh given for the circular-
arc blades are rather tenuous values obtalned from very limited data. The
use of the proposed values 1s not critical for good accuracy; the values
were included primarily for completeness as a reflection of the antici-
pated differences 1in the blade thickness blockage effects. Further ex-
perimental data will be necessary to establish the significance of such
e correction. Alsoc, a marked lncrease in reference minirmum-loss incidence
engle with Mach number is to be expected for sharp-nose blade sections.
The magnitude of the Mach number correction for these blades is currently
unpredictable. )

LOSS ANATYSIS

With the location of the low-speed reference minimum-~loss incidence
angle established for severgl conventilonal blede sectlons, the magnitude
of the losses occurring at thils reference position (fig. 5) will now
be investigated. Accordingly, the nature of the loss phenomena &and
the various factors influencing the magnitude of the loss over a range of
blade configurations and flow conditions are first analyzed. The avallable
experimental loss data are then examined to establish fundamental loss
correlations in terms indicated by the analysis.
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Preliminary Analysis

Two-dimensional-cascade losses arise primarlly from the growth of
boundary layer on the suction and pressure surfaces of the blades. These
surface boundary layers come together at the blade tralling edge, where
they combine to form the blade wake, as shown in figure 23. As & result
of the formatlon of the surface boundary layers, a local defect in total
Pressure is created, and a certaln mass-aversged loss Iin total pressure 1s
determined in the wake of the section. The loss in total pressure is
megsured in terms of the total-pressure-loss coefficlent w, def;ggd gen-
erally as the ratio of the mess-aversged loss 1n total pressure AP across
the blade row from inlet to outlet statlions to some reference free-stream
dynamic pressure (Py - Pgolpers OF

—

Sref = (%5 - Polrer (4)

For incompressible flow, Py - Py 18 equal to the conventional free-stream
dynamic pressure pOV%/Z. The total-pressure-loss coefficient is usually

determined from conslderation of the total-pressure variation across a
blade spacing s (fig. 23).

A theoretical analysis of incompressible two-dimensional-cascade
losses in reference 22 shows that the total-pressure-loss coeffliclent at
the cascade-outlet measuring station (where the static pressure is essen-
tially uniform across the blade spacing) is given by

N
2H,
_ (e*) s [cos B1\2 3H, - 1 >
wp =2 \g 2 co8 By \COB B,/ Y . oHp 3 (5)
P B (g )2 cos 52]
J

where 51 is the loss coefficlient based on Inlet dynemic head, 6*/c is

the ratio of wake momentum thickness to blade-chord length, ¢ is cascade
solidity, Bs 1s the air outlet angle, and Hp is the wake form factor

(displacement thickness divided by momentum thickness). The wake char-
acteristics in equation (5) are expressed in terms of conventional thick-
ness in a plane normal to the wake (i.e., normal to the outlet flow) at
the measuring station. Definitions of wake characteristics and variations
in velocity and pressure assumed by the analyeis are given in reference
22. The analysils further indicates thet the collection of terms within
the braces is esaentlally secondary (since He is generally < gbout

1.2 at the measuring station), with a magnitude of nearly 1 for conven-
tional unstalled configurations. The principal determinants of the loss
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in total pressure at the cascade measuring station are, therefore, the
cascade geometry factors of solldity, air outlet and air inlet angles, and
the serodynamic factor of wake momentum-thickrness ratio.

Since the wake is formed from & coalsscling of the pressure- and
suction-surface boundary layers, the wake momentum thickness naturally
depends on the development of the blade surface boundary layers and also
on the magnitude of the blade trailing-edge thickness. The results of
references 22, 34, and 36 Indicate, however, that the contrlibution of con-
ventional blade tralllng-edge thickness to the total loss is not generally
large for compressor sections; the preliminary factor in the wake develop~
ment 1s the blade surface boundary-layer growth. In general, 1t 1s known
(ch. Vv (ref. 1), e.g.) that the boundary-layer growth on the surfaces of
the blade 1s a functlion primarily of the following factors: (1) the sur-
face velocity gradients (in both subsonic and supersonic flow), (2) the
blade-chord Reynolds number, and (3) the free-stream turbulence level.

Experience has shown that blade surface velocity distributions that
result in large amounts of diffusion in velocity tend to produce relstively
thick blade boundary layers. The megnitude of the velocity diffusion in
low-speed flow generally depends on the geometry of the blade section and
its incidence angle. As Mach number is increased, however, compressibility
exerts a further influence on the velocity diffusion of a given cascade
geometry and orientation. If local supérsonic velocities develop et high
inlet Mach numbers, the velocity diffusion is altered by the formaiion of
shock waves and the interaction of these shock waves with the blade surface
boundary layers. The losses assoclated with local supersonic flow 1n a
cagcade are generally greater than for subsonic flow in the same cascade.
The increases in loss are frequently referred to as shock losses.

Cascade~inlet Mach number also 1nfluences the magnitude of the sub-
sonic diffusion for a fixed cascade. This Mach number effect is the con-
ventlonal effect of compressibility on the blade velocity distributions
in subsonic flow. Compressibility causes the maximum local velocity on
the blade surface to increase at s faster rate than the inlet and outliet
velocities. Accordingly, the magnitude of the surface diffusion from
meximim velocity to outlet velocity becomes greater as inlet Mach nunber
is increased. A further secondary influence of Mach number on losses is
obtained because of an increase in losses associated with the eventual
mixing of the wake with the surrounding free-stream flow (ref. 37).

On the basis of the foregoing considerations, therefore, it is ex-
pected that the principal factors upon which to base empirical cascade-
wake-thickness correlations should be velocity diffusion, inlet Mach
nurber, blade-chord Reynolds number, and, if possible, turbulence level.
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Data Correlations

Velocity diffusion based on local velocitles. - Recently, several
investigations have been reported 1n references 22, 23, and 38 on the
esteblishment of simplified diffusion parameters and the correlation of
cascade losses 1in terms of these parameters. The generel hypothesis of
these diffusion correlations states that the wake thickness, and conse-
quently the magnitude of the lose in total pressure, is proportional to
the diffusion in velocity on the suction surface of the blade in the re-
glon of the minimum loss. This hypothesis is based on the consideration
thet the boundary lsyer on the suction surface of conventional compressor
blade sections contributes the major share of the wake in these regionms,
and therefore the suctlon-surface velocity distribution becomes the gov-
erning factor in the determination of the loss. It was further established
in these correlations that, for conventlonal velocity distributions, the
diffusion in velocity can be expressed significantly as & parameter in-
volving the difference between some function of the measured meximum
suction-surface velocity V., and the outlet velocity V.

Reference 38 presents an analysis of blade-loading limits for the
65-(A10)10 blade section in terms of drag coefficient and a diffusion

Vel 2
parsmeter given for incompressible flow by (V’max - Vé)/viax' Results of

an unpublished analysis of cascade losses in terms of the momentum thick-
ness of the blede wake (as suggested in ref. 22) indicate thet a local
diffusion paremeter in the form given previcusly or in the form

(vﬁax - Vé)/vﬁax can satlsfactorlly correlate experimental cascade loss

data. The term "local diffusion parameter" is used to indicate that a
knowledge of the maximum local surface Vveloclity 1s required. The corre-
lation obtained between calculsted wake momentum-thickness ratio 6%/c
and local diffusion factor given by

v, - V
D, - -mx” 2 (6)
max

obtained for the NACA 65-(A10)-series cascade sections of reference 1l at

reference incidence angle ls shown in. figure 24. Values of wake momentum-
thickness ratlo for these data were computed from the reported weke coef-
ficient values according to methods simllar to those discussed in refer-

ence 22. Unfortunately, blade strface velocity-distribution data are not
avallseble for the determination of the diffusion factor for other conven-

tional blade shapes.

The correlation of figure 24 indicates the general valildity of the
basic diffusion hypothesis. At high values of diffusion (greater than
about 0.5), e separation of the suction-surface boundary layer is
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suggested by the rapid rise in the momentum thickness. The indlicated
nonzero value of momentum thickness at zero diffusion represents the basic
friction loss (surface shear stress) of the flow and also, to a smaller
extent, the effect of the finite trailing-edge thickness. The correlation
of figure Z4 further indicates that wake momentum-~thickness rstio at ref-
erence incidence angle can be estimated from the computed local diffusion
factor for a wide range of solidities, cambers, and inlet-alr angles.

The loss relations of equation {5) and reference 22 can then be used to
compute the resulting loss in the tobtal pressure.

Velocity diffusion based on over-all velocitles. - In order to in-

-clude the cases of blade shapes for which velocity-distribution dats are

not aveileble, a diffusion parameter has been esteblished in reference 23
that does not require a specific knowledge of ‘the peak local suction-
surface velocity., Although originslily derived for use in compressor
design and analysis, the diffusion factor of reference 23 can also be
epplied in the analysis of cascade losses. The diffusion factor of ref-
erence 23 attempts, through several simplifying approximations, to express
the locel diffusion on the blade suction surface in terms of over-all
(inlet or outlet) velocities or angles, quantities that are readily de-
termined. The basis for the development of the over-all diffusion factor
is presented in detail in reference 23 and 1s indicated briefly in figure
25. The diffusion factor is given by

v AV
2 6
D=l - =—1]+ 5= (7)
which, for incompressible two-dimensional-cascade flow, becomes
cos By cos By
D= (l = Cos B2> + S5 (tan Bl - tan Bz) (8)

As in the case of the local diffusion factor, the diffusion factor of
equation (8) is restricted to the region of minimum loss.

Cascade total-pressiure losses at reference minimm-loss incidence
angle are presented in reference 23 as a functlon of diffusion factor
for the blades of reference 1l. TIn a further unpublished analysls, a
composite plot of the variation of computed wake momentum-thickness ratlo
with D factor abt reference minimum-loss Incidence angle was obtalned
from the availsble systematic cascade data (refs. 11, 12, and 30) as
shown in figure 26. Blade maximum thickness was 10 percent in all cases.
A separation of the suction-gurface boundary layer at high blade loading
is indicated by the increased rise in the wake momentum thickness for
values of diffusion factor greater than ebout 0.6.
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For situations in whilch the determination of a wake momentum-
thickness ratio cannot be made, a significent loss analysis may be cb-
tained if a simplified total-pressure-loss pesrameter is used that closely
approximates the wake thickness. Since the terms within the braces of
equation (5) are gemerally secondary factors, a loss parameter of the

— cos Bs fcos Bp
form | 20 cos B4

sion of the basic loss across a blade element than the loss coefficilent
alone. The effectlveness of the substitute loss parameter

— cos Bo fcos Bp
a)l 20 (COS Bl

illustrated in figure 27(a) for all the data for the NACA 65- (A7) -series

blades of reference 1l. (Total-pressure-loss coefficients were computed

for the data from relations given in ref. 23.) A generalized correlstion
— cos B

can also be obtained in terms of ad_-—EE—Eg as shown in figure 27(b),

but its effectiveness as a separatlion indicator does not appear to be as

good., Such generalized loss parameters are most effective if the wake

form does not vary appreclsbly among the various data considered.

2
) should constitute a more fundsmentasl expres-

2
) in correlating two-dimenslonal-cascade losses is

Effect of blade maximum thickmess. - Since en incresse in blade
meximm-thickness ratlo incresses the magnitude of the swrface velocities
(and therefore the diffusion), higher values of wake momentum-thickness
ratio would be expected for thicker blades. From an snalysis of limited
availsble data on varying blade meximum-thickness ratio (refs. 34 and 35),
1t sppears that the effect of blade thickness on wake momentum-thickness
ratioc is not large for conventionsl cascade configurations, For example,
for an Increase in blade meximm-~thickness ratioc from 0.05 to 0.10, an
increase in 6%/c of about 0.003 at D of sbout 0.55 and an increase of
ghout 0.002 at D of asbout 0.35 are indlicated. The greater increase in
wake 6*/c at the higher diffusion level is understandsble, since the
rate of change of . G?/c with Dy increases with incressing diffusion

(see fig. 24).

If blade surfacé velocity distributions can be determined, then the
thickness effect will sutomatically be included In the evaluatlon of +the
resulting local diffusion factor. When an over-all diffusion factor
such as equation (7) i1s used, variations in blade thickness are not re-
Tlected in the corresponding loss prediction. However, in view of the
small observed effect and the scatter of the original 9*/ ¢ against D
correletion of figure 26, it 1s believed that a thickness correction is
unwarranted for conventlonal thickness ranges. However, the analysis
does indicate that, for high diffusion and high solidity levels, it may
be sdvissble to maintain blade thickness as small as practicable In order
to obtain the lowest loss at the reference condition.
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Thus, the plots of figures 24, 26, and 27 show that, when diffusion
factor and wake momentum-thickness ratio (or total-pressure-loss parsmeter)
are used as the basic blade-loading and loss parameters, respectively, a
generalized correlation of two-dimensional-cascede loss data is obtalned.
Although several asssumptions and restrictions are involved in the use and
calculation of these parameters, the basic diffusion approach constitutes
a useful tool in cascade loss anslysis. In particular, the diffusion
analysis should be investligated over the cqmplete range of incidence an-
gle in an effort to determine generalized off-design loss information.

Effect of Reynolds number and turbulence. - The effect of blade-chord
Reynolds number and turbulence level on the measured losses of cascade
sections is discussed in the section on Data Selection, in chapter V
(ref. 1), and in references 11, 15, 39. In all cases, the data reveal
an increasing trend of loss coefficient with decreasing Reynolds number
and turbulence. Examples of the vaeriation of the total-pressure-loss
coefficient with incidence angle for conventional coupressor blade
sections at two different values of Reynolds number are illustrated in
figure 28. Loss varlations with Reynolds nuwmber over a range of incidence
engles for a given blade shape ere shown in figure 29. A composite plot
of the variation of total-pressure-loss coefficient at minimum loss with
blade-chord Reynolds nuwber for a large number of blade shaepes is shown
in figure 30, Identificatlon data for the various blades included in the
figure are given in the references. For the blades whose loss data are
reported in terms of drag coeffilcient, conversion to total-pressure-loss
coefficient was amccomplished asccording to the cascade relations presented
in reference 23. The effect of change in tunnel turbulence level through
the introduction of screens is indicated for some of the blades.

It is apparent from the curves in figure 30 that it is currently
impossible to establish any one value of limiting Reynolds number that
will hold for all blade shapes. (The term limiting Reynolds number refers
to the value of Reynolds number at which a large rise in loss is obtained.)
On the basis of the avalleble cascade data presented in flgure 30, how-
ever, it appears that serious trouble in the minimum-loss region may be
encountered at Reynolds numbers below about 2.5x10°. Carter in reference
g places the limiting blade-chord Reynolds number based on outlet ve-

locity at 1.5 to 2.0x10°. Considering thet outlet Reynolds number is less
than inlet Reynolds number for decelerating cascades, this quoted value is
in effective agreement with the value of limiting Reynolds number deduced
herein.

The desirability of conducting cascade investigations in the essen-
tially flat range of the curve of loss coefficient against Reynolds number
in order to enhance the correlation of data from various tunnels, as well
as from the various configurations of a given tummnel, is Ilndicated. Cas-
cade operation in the flat range of Reynolds number may also yield a more
significant comparison between observed and theoretically compubted loss.
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Reynolds number and turbulence level should always be deflined in cascade
investigations. Furthermore, the development of some effectlve Reynolds
number %ch V (ref. 1)) which attempts to combine the effects of both
blade-chcrd Reynolds number and turbulence should be considered for use
as the independent variable.

Effect of inlet Mach number. - In the previous correlations, atten-
tion was centered on the various factors affecting the loss of cascade
blades for essentially incompressible or low Mach number flow. Tests of
cascade sections at higher Mach number levels have been relatively few,
primarily because of the large power requirements and operational diffi-~
culties of high-velocity tunnels. As a consequence, 1t has not been
possible to establish any empirical correlations that will permit the
estimation of Mach number effects for conventional blade sections. The
limited avallable d&ta indicate, however, that a marked rise in loss is
eventually obtained as Mach number is increased.

A typical example of the variation of total-pressure-loss coefficlent

with inlet Mach number for a conventional cascade sectlon at fixed inci-
dence angle in the region of minimum loss is presented in figure 31(a}.
The inlet Mach number at which the sharp rise in loss oc¢curs is referred
to as the limiting Mach number. The variation of the weke profile down-
stream of the blade as Mach number is incressed is shown in figure Sl(b)
to illustrste the general deterioratlion of the suctlon-gurface flow. The
flow deterioration i1s the result of a separation of the suction-surface
boundary layer induced by shock-wave and boundary-layer interactlions.

In view of the complex nature of the shock-wave development and its
intersction effects, the estimation of the variation of minimum total-
pressure loss with inlet Mach nunber for & given blade is currently im-
possible. At the moment, this pursuit must be primarily an experimental
one. Schlieren photographs showing the formation of shocks in a cascade
are presented in references 40 to 42, and detailed discussions of shock
formations and high-speed performance of two-dimeneiongl-cascade sections
are treated in references 40 and 42 to 45. Cascade experience (refs. 21
and 40) and theory (refs. 42, 45, and 46) indicate that a location of the
point of maximum thickness at about the 50-percent-chord position and a
thinning of the blade leading aend trailing edges are favorable for good
high Mach number performance. The svoidance of a throat area within the
blade passage is also 1ndicated 1in order to minimize the effects of flow
choking. Discussions of the choking problem are presented in references
35 and 44, and blade throat areas are given for several blade shapes in
references 13 and 47 to 49. The effects of camber distribution on high
Mach number performsrice are discussed extensively in the literature
(refs. 13, 32, and 33). Results indicate that, for the range of blade .
shapes and Mach nunbers normally covered, camber distribution does not
have a large effect on maximum Mach number performance as obtalned in
the two-dimensional cascade.
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Summary

From the foregoing correlations and considerations, the low-speed
loss in total pressure of conventional two-dimensional-cascade sections
can readily be estimated. If blade surface velocity distributions are
avallable, the suction-surface local diffusion factor D; 1is determined

according to equation (6) and a value of 6%/c is then selected from fig-
ure 24. In the absence of blade surface velocity data, the diffusion
factor D d1s computed from over-all conditions by means of equation (7)
and 9*/c is selected from figure 26. With Gﬁﬂz determined, the
total-pressure-loss coefficient is computed according to equation (5) from
the cascade geometry and a pertinent value of wake form factor H.

According to reference 22, for cascade measuring stations located
more than about 1/2 chord length downstream of the blade trailing edge,
the value of H will generally be less than about 1.2. For practical
purposes, it was indicated that a constant value of H of gbout 1.1 can
be used over a wide range of cascade configurations and Incidence angles
for measuring stations located between-% to l% chord lengths behind the
trailing edge. Loss coefficients based on inlet dynemic head can then be
determined, if desired, from equation (8). The estimation of losses based
on the diffusion factor D can, for example, produce a value of solidity
that results in the least computed loss coefficient for a given velocity
disgram.

The accuracy of the results obtained from the prediction procedure
outlined is subject to the limitations and approximations involved in the
diffusion analysis and wake momentum-thickness correlations. Strictly
speaking, the procedure gives essentially a band of probeble loss values

at the cascade measuring station about % to l% chord lengths downstream

of the blade trailing edge for the reference incldence-angle setting and

Reynolds numbers of gbout Z.SX105 and greater at low speed (up to about
0.3 inlet Mach number). It should also be noted at this point that the
loss values obtained in this manner represent the low-speed profile loss
of the cascade section. Such loss values are not generally representative
of the losses of the section in a compressor blade row or in a high-speed
cascade.

A corresponding loss-estimation technlique for high Mach number flow
is currently unavailable because of the unknown magnitude of the com-
pressibility effect on the wake momentum-thickness ratio of a given cas-
cade geometry. Furthermore, both the wake form factor H and the rela-
tion between 6%/c and ® (given for incompressible flow by eq. (5)) vary
with Mach number. For example, if the velocity variation in each leg of
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the wake is assumed to vary according to the power relation

%= (@) ©)

where & 1s the thickness of the wake and d is some constant. then
variations of H and 6% and of the relation between 6%/c and o with
outlet free-stream Mach number can be established analytically to illus-
trate the nature of the compressibility effects.

Curves of the varlation of the ratios of compressible to incompressi-
ble form factor H/Hinc and momentum thickness 6*/6fﬁc with outlet Mach

number for varilous d values cobtalned from numerical integration of the
wake parameters involved are shown in figures 32 and 33.  Recently, the
Increasing trend of H with M, weas substantlated experimentally at the

NACA Lewils laboratory in an Investigation of the wake characteristic of

a turbine nozzle (unpublished data). Curves of the ratio of the integrated
velue of ® obtained from a given value of 6%/c 1in a compressible flow
to the value of @ computed from the same value of 9*/c according to the

incompresslble relatlion of equation (5) are shown in figure 34. It should .

be noted that for compressible flow the denominator in the loss-coefficient
definition (eq. (4)) is now given by P - p.

In summery, therefore, sn accurate prediction of the variation of
reference total-pressure loss with lnlet Mach number for a glven cascade
blade is currently impossible, At the moment, this pursuit 1s primarily
an experimental one, Families of curves of wake momentum thickness &nd
form factor against diffusion factor are required (with sppropriate
definitions for subsonic or supersonic flow) as in figure 24 or 26 for a
wide range of inlet Mach number. Analytically, a simple compressible re-
lation is needed between 6¥/c and @ as a function of Mach number.

DEVIATION-ANGIE ANATLYSIS

Preliminary Analysis

The correct determination of the outlet flow directlon of a cascade
blade element presents a problem, because the air i1s not discharged at
the angle of the blade mean line at the trailing edge, but at some angle
8° to it (fig. 2). Inasmuch as the flow deviation is an expression of the
guidance capacity of the passage formed by adjacent blades, it ls expected
that the cascade geometry (camber, thickness, solidity, and chord angle)
wlll be the principal influencing factor involved.
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From cascade potential-flow theory (ref. 26, e.g.), it is found that
the deviation angle increases with blade camber and chord angle and de-
creases with solidity. Weinig in reference 26 shows that the deviation
angle varies linearly wlith camber for & given value of solidity and chord
angle for infinitesimslly thiln blades at zero incidence. Furthermore,
with deviation angle equal to zero at zéro camber angle in this theory,
it is possible to express the deviation angle as a ratio of the camber
angle. Values of the ratio of deviation angle to camber angle for an
infinitely thin circulsr-arc blade of small camber deduced from the
theory of reference 26 are presented in figure 35 for a range of solid-
ities and chord angles. The values in figure 35 are for the incidence
angle for "impact-free entry” previously mentioned, which corresponds
essentially to the condition of minimum loss.

The results of figure 35 show that, for a blade of zero thickness,
the minimum-loss deviation angle is zerc at zero camber angle. Analysls
indicates, however, that this is not the case for blades of conventional
thicknesses. A recent theoretical demonstration of the existence of a
positive value of zero-camber deviation angle according to potential-flow
calculations is given by Schlichting in reference 16. The computed varia-
tion of zero-camber deviation angle for a conventlional 10-percent-thick
profile at zero incidence angle as obtained in the reference is shown in
figure 386.

It will be recalled from the discussion of the zero-camber minimuim-
logs incidence angle that, for the conventional staggered cascade
(0° < ¥° < 90°) with finite blade thickness set at zero incidence angle,
a greater magnitude of velocity occurs on the blade lower (concave) sur-
face than on the upper (convex) surface (fig. 12). Such velocity dis-
tributions result in a negative blade circulation and, consequently (as
indiceted by the solid vectors in fig. 37), in a positive deviation
angle. Furthermore, since the deviation angle increases slightly with
increasing incidence angle (d8°/di is positive in potential cascade
flow), poeitive values of deviation angle will likewise be obtained at
the condition of minimum-loss lncidence angle (as illustrated by the
dashed vectors in fig. 37). Since the zero-camber deviation angle arises
from essentially a thickness blockage effect, the characteristics of the
variastion of minimum-loss zero-canber deviation angle with cascade geome-
try would be expected to roughly parallel the variastion of the minimum-
loss zero-camber incidence angle in figure 15. The low-speed reference-
deviation-angle correlatlions may, therefore, involve intercept values as
in the case of the reference-incidence-angle correlations.

In addition to the cascade-geometry factors mentioned, the low-speed
deviatlon angles can also be affected by Reynolds number, turbulence, and
Mach number. The thickened surface boundary layers resulting from low
levels of Reynolds number and turbulence tend to increase the deviation
angle. Variations in inlet Mach number can affect the deviation angle of
a fixed two-dimensional-cascade geometry becsuse of the assoclated changes
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in blade circulation, boundary-layer development and outlet to inlet
axial velocity ratio (compressibility effect on pV,).

Data Correlations

Form of correlation. - Examination of deviation-angle datae at refer-
ence Incidence angle reveals that the observed data can be satisfactorily
represented by a linear varlation of reference deviation angle with camber
angle for fixed solidity and air inlet angle. The variation of reference
deviation angle can then be expressed 1n eguation form ss

8° = 83 + mo (10)

where 88 is the reference deviation angle for zero camber, m is the
slope of the deviation-angle variation with camber (8° - 83)/p, and ¢
is the camber angle. As in the case of the analogous terms 1in the
reference-incidence-angle relation (eq. (2)), 8 eand m are functions
of inlet-air angle and solidity.

The influence of solidity on the magnitude of the slope term m
could also be directly included as a functionasl relation in equation (lO
s0 that equation (10) could be expressed as

80 . 58 =_mg=1 N (]_l)
0 o5

vhere my_, represents the value of m (i.e., (8° - 88)/¢) at a solidity

of 1, b 1is the solidity exponent (varisble with air inlet angle), and
the other terms are as before. It will be noted that equation (11) is
similar in form to the frequently used deviation-angle rule for circular-
arc blades originally established by Constant in reference 4 and later
modified by Carter in reference 46, Carter's rule for the condition of

nominal incldence angle is given by

8° o,

¢~ Afo (12)
in which m, is a function of blaede-chard angle. Values of m, deter-
mined from theoretical considerations for circular-arc and parsbolic-arc
mean lines (ref 46) are shown in figure 38. In the ensuing correlatilons,
both forms of the deviation-angle relation (egs. glo) and (11)) are used,
since each hes & particular advantage. Equation (10), with m plotted
as & function of By and o, 1s easier to use for prediction, especially

if the calculation of a required cember angle is involved. Equation (11)
may be better for extrapolation and for comparison with Carter's rule.
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As in the case for the zero-camber reference minimum-Jloss incidence
angle, the zero-camber deviation angle can be represented as a function
of blade thickness as

8 = (K5) . (K5) 1 (83) 14 (13)

where (53);y represents the basic variation for the 10-percent-thick
65-series thickness distribution, (Kg)gzy Trepresents any correction nec-

essary for & blade shape with a thickness distribution different from
that of the 65-series blade, and (Kg); represents any correction neces-

sary for meximum blade thicknesses other than 10 percent. (For =
10-percent-thick 65-series blade, (Kg)y &nd (Kg)gn are egual to 1.) The

problem, therefore, is reduced to finding the values of m, b, and 88

(through eg. (13)) as functions of the pertinent varisbles involved for
the various blade shapes considered.

NACA 65-(Ajp)-series blades, - From an examination of the plots of

equivalent deviation angle sgainst equivalent camber angle at reference
minimum-loss incidence angle obtained from the cascade data, values of

zero-camber deviation angle can be determined by extrapolation. The de-
duced plots of zero-camber deviation angle (83);y and slope term m as

functions of sollidity and gir inlet angle are presented In figures 39 and
40 for these blades. The subscript 10 indicetes that the 83 values
are for 10-percent meximum-thickness ratio. Velues of the intercept term

Sg end the slope term m were obtained by fitting a stralght line to

each data plot of reference equivalent’ deviation angle sgainst equivalent

camber angle for a fixed solidity and air inlet angle. The straight lines
were selected so that both a satisfactory representation of the verlation

of the date points and a consistent variation for the resulting 88 and

m vealues were obtained. The extrapolation of the values of m to
By = O was guided by the data for the 65-(12A10)10 blade at solidities

of 1 and 1.5 reported in the cascade guide-vane Investigation of refer-
ence 50 (for an aspect ratio of 1, as in ref. 11).

For the deviation-angle rule as given by equation (11), deduced values
of m;_y and exponent b as functions of inlet-air angle are presented

in figures 41 and 42. The deduced rule values (eq. (10} or (11)) and the
observed date points are compared in figure 43 to indlcate the effective-
ness of the deduced representations. The flagged symbols IiIn the high-
camber range in the figure represent blade configurations for which
boundary-layer separation is indicated (D greater than about 0.62). In
view of the higher loss levels for this condition, an increase In the
magnitude of the deviation angle is to be expected compared with the
values extrapolated from the smaller cambers for which a lower loss level
existed.
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C-Series circular-arc bledes. - In view of the absence of systematic
cascade data for the C-series circular-arc blade, an accurate determina-
tion of the rule constants cannot be made for this blade shape. However,
a preliminary relation can be deduced on the basis of limited data. It
appears that, for the uncambered C.4 section (refs. 12 and 30), if a value
of (Kg)gn equel to 1.1 (as for the determination of 1i,) is used, a sat-

isfactory comparlson between predicted and observed 58 values 1s
obtained.

The characteristic number m;_; 1in the deviation-angle design rule
of equation (ll) for a given blade mean line corresponds toc the value of
(8° - 68)/¢ at a solidity of unity. Cascade data for a C.4 circulsr-arc

profile obtained from tunnels with good boundary-layer control ere pre-
sented in references 15 and 3L for a solidity of 1.0 for B = 30°, 42.5°,

459, and 60°. Values of (3° - 68)/¢ were computed for these blades

according to the 68 variations of figure 39. A value of my.; for
By = 0° was obtained from the performance data of a freé-stream circular-

arc inlet guide vane presented in reference 51, These values of m are
plotted in figure 44 against inlet~air angle, and the proposed variation
of mg.; for the circular-arc mean line 1s shown by the solid line.

In the absence of data covering a range of solidities, it was assumed
that the soclidity exponent b 1n the deviatlon-angle rule of equatlon
(11) is independent of the proflile shape and will ‘therefore alsoc be ap-
plicable for the circular-arc mean line. This assumption agrees with
limited experimental.data. The variation of ratio of deviation angle to
camber angle obtained from constant-thickness circular-arc guide-vane
sections of reference 52”(88 = 0° for guide vanes) over a .wide range

of sclidities is shown in figure 45. A computed variation based on values
of b and LY obtained from figures 42 and 44, respectively, 1s shown

in the figure by the solid line. A satisfactory agreement with these
circular-arc data is thus demonstrated for the value of b obtained from
the 65-series data. On the basls of these results, deduced curves of m
against ﬁl for & range of solidities (for use in conjunction wlth eq.

(10)) were computed for the C-series circular-arc blade as indicated in_
figure 486. . el o —

Double-circular-arc blades. - Although limited data are available for
the double-circular-afc blade (refs. 21 and 28}, it was felt that these
data could not be rellsbly utilized in the construction of a deviation-
angle rule because of the questionable two-dimensionality of the respec-
tive test tummels. However, since the C-series and the double-circular-
arc blades differ only in thickness distribution, 1t is reasonsble to
expect that, as in the case of the reference-~incidence-angle correlations,
only the zero-camber deviatlon angles will be materially affected.
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Therefore, the slope-term velue m deduced for the C-series circular-arc
blade (fig. 46) might also be used for the double-circulasr-arc blade, but

the 88 values may be different. An arbitrarily selected value of 0.7
for (Kg)en 1in equation (13) (as for the reference-incidence-angle deter-
mination) is suggested for the double-circular-asrc blade.

Comparison of rules. - In view of the widespread use of Carter's
rule (eq. (12)) with fig. 38) for predicting the deviation angle of
circular-arc-mean-line blad€s,” some results obtained from the use of
Carter's rule were compared with the deduced rule of equation (11) with
Tigures 39, 42, and 44. The principal difference between the two rules
occurs in the blade orientation parameter used for the m variation and
in the 68 and b veriations. The value of the solidity exponent of

1/2 in equation (12) wes originally cbtained from limited data. Carter,
in a later work, (ref. 9) proposes a verisble sgolidity exponent and in-
dicates values close to 1 for accelerating cascades and close to 1/2 for
decelerating cascades. The variation of b obtained from the NACA
65-(A10)-series blades as equivalent circular asrcs in figure 42 essen-

tially confirms this trend. Actually, the deviation-angle rule in the
form of equation (11) constitutes a modification of Carter's rule.

In addition to the basic differences between the rules in the magni-
tudes of the m, b, and 88 values, 1t is noted that Carter's rule was
originally developed for the condition of nominal incidence angle, whereas
the modified rule pertains to the reference minimum-loss lncidence angle.
However, since Carter's rule has frequently been used over & wide range
of reference angle in its application, both rules were evaluated, for
simplicity, for the reference minimum-loss incidence angle.

An illustrative comparison of predicted reference deviation angle as
obtalned from Carter's rule and the modified rule for a 10-percent-thick,
thick-nosed clrcular-arc blade is shown by the calculeted results Iin fig-
ure 47 for ranges of camber angle, solidity, and Inlet-air angle. Devia-
tion angles in figure 47 were restricted to cascade configurations pro-
ducing values of diffusion factor lesg than 0.6. Blade-chord angle for
Carter's rule was computed from the eguation

=8 -1-2 (14)

Reference incidence angle was determined from equations (2) and (3) and
figures 15 and 186.

The plots of figure 47 show that, in practically all cases, the

deviastion angles gilven by the modified rule are somevhat greater in mag-
nitude than those predicted by Carter's rule for the 10-percent-thick
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blade. Thils 1s particularly true for the high inlet-sir anglea. Thus,

greater camber angles are required for a given turning angle according -
to the modified rule. Differences are even less for the double-circular-

arc blade, as indicated in figure 48, since the 58 values are smaller

for these blades. However, 1t should be kept in mind that the magnitude
of the factors in the modified rule are proposed values based on limited
data. Further reseasrch is reguired to establish the modified ruvle on a

firmer foundation.

Effect of blade uweximum thickness. - Available data on the varistion
of reéference deviation angle with blade maximum-thickness ratio obtained
from cascade investigations of the 65-(12Alo) blade of reference 34 are

shown in filgure 492. The solid symbols representing the values of devia-~
tion angle at zero thickness were determined by subtracting the values
of (83)yp obtalned from figure 39 from the measured value of deviation

angle at 1O0-percent meximum thickness obtained from the dats in figure
43. A very reasonable variation with thickness ratio, as indicated by
the faired curves, is thus obtalned for all three configurations. The
increasing slope of the deviation-angle variation with Increasing thick-
ness ratioc is belleved due to some extent to the accompanying increase in
wake losses.

3383

Preliminary velues of a correction factor for meximum-thickness ratio
(Ks)t deduced from the data of figure 49 are shown In figure 50. In the

absence of further data, it is proposed that this correction curve is also
applicable to other conventional blade shapes. _ _ _ .

Effect of Reynolds number. - In view of the large rise in loss as
blade-chord Reynolds nmumber is reduced (fig. 30), a corresponding rise
in deviation angle (or decrease in turning angles is to be expected.
Experimental confirmation of the merked effect of Reynolds number on blade
deviation angle at filxed incidence angle 1s 1lllustrated in figure 51 for
several compressor blade shepes. The varietion of deviation angle with
Reynolds number over a range of incldence angle is demomstrated in figure
52. In all cases the variation of the deviation or turning angle closely
parsllels the variation of the loss. Therefore, factors involved in the
devistion-angle variation are the same as those for the loss behavior.
Correspondingly, no Reynolds number correction factors that will be ap-
plicable for all blsde configurations have been esteblished. ~ The deduced
devliation-angle rule developed herein is applicable at a Reynolds number

of about 2.5x10° and greater.

Effect of inlet Mach number. - Experimentsl variations of minimum-
loss deviation angle with inlet Mach number are presented in figure 53
for two circular-arc blades. Further cascgde @ata in terms of alr-turning
angle at fixed sngle of attack are shown in figure 54 for two other . ..
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compressor blade shapes. (Inasmuch as the data 1n fig. 54 were obtained
at constant angle of attack, the variation of turning angle is an inverse
reflection of the variation of deviation angle.) The data of figures 53
and 54 indicate that deviation angle varies 1little with inlet Mach number
up to the limiting value. As indicated in the Preliminary Analysis sec-
tion (p. 27), the resultant Mach number effect for a given blade config-
urgtion will depend on the relative magnitude of the various factors in-
volved., Apparently, the net effect is small up to the limiting value of
inlet Mach number. ILarge .incresses in deviation angle can be expected,
however, when the loss rilses rapidly at the limiting Mach numiber because
of the adverse effects of the shock formation. (The rise in deviation
angle in the data is always associated with the sharp rise in loss.)

Variation with incidence angle. - Thus far, of necessity, the analy-
sis has been conducted for flow conditions at only one reference position
on the general curve of loss against incidence angle. Ultimately, of
course, it is desired to predict flow variations over the entire range of
incidence angle. The variation of deviation angle with incidence angle

for a fixed geometry in the two-dimensional cascade is primasrily a function

of the change in the guidance capacity of the cascade arising from the
change in orientation of the approaching flow (a potential-flow effect)
and of the variation in the wake loss. Since no information is currently
avellable on the effect of losses, attentlon is centered on deviation-
angle varlations in the region of low loss, where the trend of variation
approaches that of the potential flow. ”

Examination of potential-flow theory (Weinig, ref. 26, e.g.) shows
that a positive slope of deviation angle against incidence angle exlists
(i.e., deviation angle increases with incidence angle). Calculations
based on the theory of Weinig reveal that the magnitude of the slope
varies with solidity and blade-chord angle. The deviation-angle slope
approaches zero for infinite solidity (deviation angle is essentially
constant et high solidity) and increases as solidity is reduced, At
constant solidity, the slope of deviation angle against incidence angle
increases as the chord angle is increased. These trends indicate phys-
ically that the greater the initial guidance effect (high solidity and
low blade angle), the less sensitive the deviation angle is to changes
in incidence angle.

For analysis purposes, since the region of low loss is generally
small, the variation of deviation angle with incidence angle for a given
cascade geometry in the region of mininum loss can be represented as

8° = 80, + (4 - 1ref)<d5°) o (15)

where (dﬁo/di)ref represents the slope of the deviation-angle varistion



34 - JE— NACA RM E56B03a

at the reference incidence angle. An empirical determinstion of the
magnitude of the slope of the varilation of devlation angle with incidence
angle was obtalned from an analysls of the low-speed experimental data for
the 65-(A10)10 blades of reference 11. From the plot of deviation angle
against Incidence angle for each configuration (as in fig. 5, e.g.), the
gslope of the curve at the minimum-loss incidence angle was evaluated
graphicelly. The deduced variation of reference slope mmgnitude d&o/di
obtalned from falrings of these values is presented in figure 55 &s a—
function of solidity and inlet-alr angle. Qualitative sgreement with
theory is strongly indicated by the data. Inasmich as the phenomenon is
essentially a guildance or channel effect, it is anticipated that the slope
values of figure 55 will also be applicable for other conventional blade
shapes. Thus, it 1s possible t0 predict the deviation angle at incidence
angles other than the reference location withln the low-loss range of
operation from the use of equation (15) and figure 55.

Summary

The analysis of blade-section deviation angle shows that the varia-
tion of reference deviatlon angle with cascede geometry at low apeed can
be satisfactorily esteblished in terms of an intercept value 83 and a
slope value m as given by equation (10). The experimental data could
also be expressed in terms of a rule similar in form to Carter's rule,
as indicated by equation (11). Deduced values of 83 and m were ob-
tained as a function of Bi and o from the data for the 1lO-percent-

thick 65-(A10)-series blades of Treference 11 as eqguivalent circular arc

(figs. 39 and 40). Rules for predicting the reference deviation angle
of the C-geries and double-circular-arc blades were also deduced based
on the correlations for the 65—(A10)-series blades and on limited data for

the circular-arc blade (figs. 39 and 46).

The procedure.involved in estimating the low-speed reference devia-
tion angle of a blade sectlion is as follows: From known values of B’

end o, (89);p 18 selected from figure 39, and m is selected from fig-
ure 40 for the 65-(A;y)-series blades or from figure 46 for circular-src-
mean-line blades. The value of (KS)t for the blade mexluum-thickness

ratio is obtained from figure 50, and the epproximate value of (KB)sh is

selected for the type of thickness distribution. For the 65-series blddes, -

(Kg)gn = 1:0, and 1t is proposed that (Ks)gh ©be taken as 1.1l for the C-

series blades and as 0.7 for the double-circuler-arc blede. The value of
83 is then computed from equation (13), and finally 8° is determined
from the blade camber angle according to equation (10). As in the case

of reference 1, values, the use of the proposed values of (Kg)gn 1s not
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critical for good accuracy in the f£inal determination of &°. Reference
deviation angle can also be computed according to the rule in the form
of equation (11) in conjunction with figures 41, 42, and 44.

The camber angle required to produce a given turning angle at the
reference condition at low speed can readily be calculated by means of
the preceding incidence-angle and deviation-angle correlations when the
inlet-air angle and blade solidity are known. From equations (1), (2),
and (10), the camber angle as a function of the turning, deviation, and
incidence angle is T

M8 - (1, - 83)
¢ = 1- m?+ n > (16)
or, in terms of the thickness corrections (eqs. (3) and (13)),
28 - [(£1)en(K1)5(10)10 - (K6)sn(¥s)4(83)10]
¢ = 1-m+an (17)

For simplicity, since (Kj)gp =_(K5)sh = Ky, equation (17) can be expressed
in the form

4B - Kshﬁt[r(io)lo - (58)10]

l1 -m+n

® (18)

where E% represents some correction factor for blade thickness, such
that :

-I_Ct, [(io)lo = (58)]_0] & (Ki)t(io)lo = -(Ks)t(ag)lo (19)

Curves of the values of (iy)1g - (83)1p as a function of By and o

are given In figure 56; curves of the values of 1 -m +n as a func-
tion of By and o are given in figure 57(a) for the 65-(A;,)-series

meen line and in figure 57(b) for the circular-arc mean line; and values
of K, are plotted as a function of By and t/b in figure 58. The

use of the chart values of f% in equation (18) glves results within

about 0.1° of the exact values given by equation (17). Required camber
angle can thus be determined readily by equation (18) in conjunction
with figures 56 to 58.

CONCLUDING REMARKS

The foregoing analysis has presented a correlation of avallsgble two-
dimensional experimental cascade data in terms of parameters significant
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in compressor design. The work essentlally presents a summary of the
state of experimental caescade research with regerd to cascade performance
at the reference incidence sngle. Rules and protedures were evolved for
the prediction of the magnitude of the reference total-pressure loss and
the reference incidence and devistion angles in satisfactory agreement
with existing cascade data. The rules may also be of help in reducing
the necessary experimental effort in the accumulation of further cascade
data.

However, the present analysis 1is incomplete. Many areas, such as
the deviation-angle rule for the double-clrcular-arc blade, require fur-
ther data to substantiate the correlations. Furthermore, additional In-
formation concerning the influence of high Mach number and off-design -
incidence angles of cascade performance 1s needed.

Finally, it is recognized that the performance of & given blade
geometry in the compressor configuration will differ from the performance
established in the two-dimensional cascade. These differences result
from the effects of the various three-dimensional phenomena that occur in
compressor blade rows. It is believed, however, that a firm foundation
in two-dimensional-cascade flow constitutes an important step toward the
complete understanding of the compressor flow. The extent to which
cascade-flow performance can be successfully utilized in compressor de-
sign can only be established from further comparative evalustions. Such
compsrisons between cbserved compressor performance and predicted two-
dimensional-cascade performance on the baslis of the rules derived herein
are presented in chapter VII.
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!
Measuring plane

By

' __Axial direction
blade chord
incidence angle, angle between tangent 0 mean camber . )
line at leading edge and inlet air velocity . -
blade spacing - - L .
inlet-air velocity
outlet-air velocity
engle of attack, angle between chord and inlet-sgir
velocity
inlet-alr angle, angle between lnlet-gir velocity and axlial direction
outlet-air angle, angle between ocutlet-air velocity and sximl direction

alr-turning angle, B; - By : - o

blade-chord angle, angle between chord and axial directian

deviation angle, angle between tangent to. mean camber line
et tralling edge and outlet-air velocity

solidity, ratio of chétd to spacing, ofs

blade camber angle, differernce between drnglées of Tarigents
to mean camber line at leading and trailing edges

Figure 2. - Nomencléture for cascade blade.
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Figure 3. - Equivalent circular-arc mean line for NACA 65-(A;q)-series blades.
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NACA RM E56B03a

Diffusion

o

Total-pressure-loss coefficient,
Weke momentum-thickness. ratio, 6*/c

Deviation angle, 8°, deg
B =
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factor, D
o IR n
@ 0 o a

.
(o
-

o

45

\ /
N ° N ’MVO‘
o
P
o
| ~-Reference
minimum-loss
\ incidence angle
N, /
N Nl J
\‘h ‘0\_0\_0\ ol
— ,"9' c . _L-A/
-12 -8 -4 0 4 8 1z 18

Incidence angle, 1, deg

Figure 5. - I1lustration of basic performance parameters for cascade analysis.
Data obtained from conventionsl bliede geometry in low-speed two-dimensional

tunnel.
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Total-pressure-loss coefficient, @)

NACA RM E58B03a

.04
S
S

0
(8) NACA 65-(12)10 blade. Inlet-air angle, 450; solidity, 1.5

(ref. 11).
.10

N

A

X ..©. Normal tunnel
O Turbulence lncreased

.06 \

al g\"
X

. it
\ 13
<02 XFtk*1~ &\fk*k\

Blade-chord Reynoclds number, Re,

5x10°

(b) Lighthill blade, 50 percent laminar flow, Inlet-air angle,

45.59; solidity, 1.0 (ref. 15).

Flgure 6. -~ Effect of blade-chord Reynolds number and free-stream
turbulence on minimum-loss coefficilent Of cascade blade sectlion

In two-dimensional tunnel.
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NACA RM ES56B0O3s, =S ERR AT

.06 ‘

LN s
N

15"
. +02 —
2 (a) NACA 65-810 blade. Inlet-air angle, 30°.
% .
g .10
4
G
Q
o]
[&]
@ — — — Estimated variation
i 08 in ebsence of laminar
o ° separation (as used
g in data analysis)
o
o
5 !
'3‘
B .06 <
=
.04 \ /
J\ ) r J
~ "izthV’o::i)//
.02

-10 0 10 20 30 40
Angle of attack, «, deg

(b) NACA 65-(12)10 blade. Inlet-air angle, 45°,
Figure 7. - Loss characteristics of cascade blade with

local leminar separation. Solidity, 1.5; blade-chord
Reynolds number, 2.45%10° (ref. 11).
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Total-pressure-loss coefficient, ay

NACA RM E56B03a

4
//f 2
. /
Inlet Mach number, /
i [/
2 N
.54 \ / /
2\ .7? \L // /
2 \
A I ——-/D
° (a) C.4 Ciréuldr-arc blade. Camber angle, 25°; maximum-thickness ratio,
0.10; solidity, 1.333; blade-chord angle, 42.5° (ref. 21).
.4
.7
)
/ W
.3 ///7_8 7 // 5
’ I/
.2 '
Y ]
aanyi
A / 7
o 9///
%%E%bﬁé%/,
0-15 =10 =5 0 5 . .10 15

Incidence angle, i, deg

(b) C.4 Parsbolic-arc blade. Camber angle, 25°; meximum-thickness
ratlo, 0.10; solidity, 1.333; blade-chord sngle, 37.6° (ref. 21).

Figure 8. - Effect of inlet Mach number on loss charscteristics of

cascede bhlade sections.
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NACA RM ES6BO3s .
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. Inlet Mach number,
i iy
R \ Y,
'6
& g

Total-pressure~loss coefficient, w;

.08 P A \ /

-

(c) Double-circular-arc blade. Camber angle, 25°;
maximum-thickness ratio, 0.105; solidity, 1.333;
blade~chord angle, 42.5° (ref. 21).

0]

.24 4

-

.16

—°

N /)
NERENEY
AN

>

-10 -5 0 ' 5 10
Incidence angle, 1, deg

V

(d) Sharp-nose blade. Camber angle, 27.5°;
maximum-thickness ratio, 0.08; solldity,
1.15; blade-chord angle, 30° (ref. 40).

Figure 8. - Concluded. Effect of inlet Mach

number on loss characteristlcs of cascade
blade sections.
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NACA RM E56B03a

[54.12

*g: Reference

gz incidence

,E' \ angle

44 Al

08.) .08 \ X )

w \l 2 2

] i

3 - l\ N -

: N

a . 04 ~

a f in. w

1 l T

E Min. @

o

g N __

32 -8 -4 0 4 . 8 17

Incidence angle, i, deg

Figure 9. - Definition of reference minimum-loss incidence angle.

%Ié—« AN — Constant B / /

i \ — — — Constant ¢© P

X \ . /

2 g : N Z

X N 4

B ~ K | — =

'é 8 ~ —t—— | ——_—/——)

o =1

3 | |~ Reference miniium~

e loss incidence 1
Sl . Lo nees

Incidence angle, i, deg

Figure 10. - Qualitative comparison of cascade range characteristics

at constant blade-chord angle and constant inlet-air angle (for
same value of B, in region of minimum loss).
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Incidence angle, i, deg
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[ Blade-chord \\
angle, v°,
deg //
_
0
2 J%
45
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N
\
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~25

(a} "Impact-free-entry"” incidence
angle for infinltely thin blades
according to potentiel theory of

20

40

Weinig (ref. 26).

V N 1.0
0.5 I
\ 0.667
-10
60 0 20 40 80

Cenber angle, ¢, deg

(b) "Cptimm" incildence eungle for
10-percent-thick C-~series pro-
£1les amccording to semltheoret-

ical developments of Carter et
el. (refs. 25 snd 9). Outlet-

air angle, 20°.

Figure 11. - Variation of reference Incidence angle for clrcular-arc-mesn-line blades
cbtained from theoretical or semitheoretical investigations.
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Velocity ratio, V/Vq

llz

m

l_J
S

1.0

Percent chaord

(b) Intet-air angle, 30°; solidity, 1.0.

= NACA RM E56B0O3a
f\:\n_g_ri\:
‘I.“ ’>\
= e N S
/ .
b
pa
(a) Inlet-alr angle, 60°; solidity, 1.5.
! I
Surface
o] Upper
o ILower
L= S—
i .
N
20 40 &80 80 100
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Figure 12. - Illustration of velocity distribution for
uncambered blade of conventional thickness at zero
incidence angle. Data for 65-(0)1Q0 blade qof refer-

ence 11,



¢82e

»

NACA RM E56BO3a eugR..

. Vo
[ —_—
Vi=Vy
Vu
Vl P . VZ

Vi

— ==

/

Y

(a) v° = 0°. ' (b} ¥° = 900,

(e} 0° < v° < s0°.

Figure 13. - Effect of blede thickness on surface velocity at zero incidence sngle for
uncarbered eirfoil section according toc simplified one-dimensionsl model.
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Figure l4. - Theoretical veriation of "impact-free-entry"™
incidence angle for constant-thickness uncembered sec-
tions according to developments of reference 27.
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Figure 15, - Referenceé minimum-losé lncidence angle for zera camber deduced
from low-speed-casoads data of 10-percent-thick NACA 65-(A,,)-series
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Equivalent incidence angle, i, deg
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NACA RM ES6BO3a

Equivalent camber angle, ¢, deg

(a) Inlet-air angles of 30° and 45°.
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Flgure 17. - Comparison of deta values and deduced rule values of reference minimum-
loss incidence angle for 65—(A10)10 blades as equivalent circulsr arc (ref. 11).
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Figure 18. ~ Comparison of basiec thickness distribuf.ions for conventional campressor blade sections.
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Figure 19. - Zero-camber winimum-loss incidence asngle for 10-percent-

thick C.4 profile. Solidity, 1.0 (ref. 30).
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NACA RM ES6B03a

Incidence angle, i, deg

61

(a) C.4 Circular-arc blade. Camber angle, 25°%; solidity, 1.

Interpolsted from

data of ref. 12

] @

(b) C.4 Parebolic-arc blade. Camber angle, 25°; solidity, 1.333; blade-chord
angle, 37.59; maximum camber at 40-percent chord (ref. 21).

—

.1 .2 .3 .4 .5
Inlet Mach munber, M;

(e¢) C.7 Parsbolic-arc blade. Camber angle, 40%; solidity,
24.6°; meximum cenber &t 45-percent chord (ref. 53).

Figure 21. - Varletion of reference minimm-~loss lncidence

ber for thick-nose sections. Maximm~thickness ratio, O.

1.0; blade-chord angle,

angle with inlet Mach num-
10.
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Incidence angle, i, deg

b NACA RM E56B03a

gumm——
//
4 /
Low-speed rule & _—1
/(eq_s. (2) and (3)) /“//
0 =]
-4
(a) Double-circuler-arc blade. Camber angle, 25°; maximum-thickness ratio,
0.105; solidity, 1.333; blede-chord angle, 42.5° (ref. 21).
8
/"_ﬂ\
A, \§
4
/ —
P
. /} /
-4
.1 .2 3 4 .5 .6 .7 .8
Inlet Mach mumber, My
(b) Blede section of reference 40. Canber e, 27.5%; meximum-thickness ratio,

0.08; solidity, 1.15; bldde-chord angle, 30 ;‘maximum thickness and camber a.t
50-percent chord. . L.

Flgure 22. - Variation of reference minimum-loss incidence angle with inlet Mach
number for sharp-nose sectlons.
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NACA RM ES56B0O3a

PR

(=]

8

Wi

Axis

CD-4688

Veloclty varlation V
across blade spacing

Suction
surface
Pressure
surface

' 3383

Figure 23, -~ Schematic representation of development of surface boundery

layers and weke in flow about cascade blade sections.
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Flgure 24. - Varlation of computed wake momentum-thickness ratio
with locel dlffusion factor at reference incidence engle for
low-gpeed-cascade data of KACA 55-(Alo)1o blades (ref. 11).
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Flgure 2b. - Basis of development of diffusion factor for cascade flow from reference 23,
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Figure 26. - Variatlon of computed wake momentum-thickness retio with over-ell diffusion
factor at reference 1ncidence angle for low-speed systematic cascade data of references
11, 12, and 30. Blade maximum-thicknees ratio, 0.10; Reynolds number, =~ Z. 5x10°.
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Total-pressure-loss coefficient, wy
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(a) 65-Series blade 65-(12)10. Solidity, 1.5;
inlet-air angle, 45° (ref. 11).
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(b) Circuler-arc blade 1004/25C50. Solidity, 1.333; blade-chord
angle, 42.5° (ref. 21).

Figure 28. - Effect of Reynolds number on veriation of loss with
incidence angle. ’ ’
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70

JRE NACA RM E58BO3g
.18 reﬁ
‘ \
| 1
| { Blede Refer-~
.16 — ‘ - : : ~ence
i 1 o C.4 Circulsr arc
| d C.4 Circulsr arc } 15
| 1 (turbulence added)
o 65-(124,4)10
14 } — o ' 855(1281 )10 11
| l (turbulence added)
< . C.4 Circular arc
| | A C.4 Parsbolic arc } 21
‘ 1 Q Double clrcular arc
.12 A ~ 0 65-(124,Ig; )10
18 | ‘ ' 65-(1282Tg, )10 13
.E" l (turbulence added)
g T a C.4 Pargbolic arc 39
B3] I —— — —— BRAF 27 40
oA
& , a
d) ll-o
8
SRR
w0
-
4 |
2 .08
w
[
~
o
o3
5 |
&
.08 —
|
1
1
A
\
.04 \
.02 = —
o = =@;
0 2 3 ' 4 5 6x10°

Blade-chord Reynolds rumber, Re.

Figure 30, - Composite plot of loss coefficlent egainst blade-chord Reynolds
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gections at low speed.
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CEBAPTER VII

BLADE-ELEMENT FLOW IN ANNULAR CASCADES

By William H. Robbins, Robert J. Jackson, and Seymour Lieblein

SUMMARY

A blade-element analysis is made of annular-cascade data obtained
primarily from single-stage-compressor test installations. The parameters
that describe blade-element flow (total-pressure loss, incidence angle,
and deviation angle) are discussed with reference to the many varisbles
affecting these parameters. The blade-element dats are correlated over a
fairly wide range of inlet Mach number and cascade geometry. Two blade
shapes are considered in detail, the 65-(A10)-series profile and the

double-clrcenlar-arc airfoil. Compressor datse at three radial positions
near the tip, mean, and hub are correlated at minimum-loss incidence
angle. Curves of loss, Incldence angle, and deviation angle are presented
for rotor and stator blade elements. These correlastion curves are pre-
sented in such a manner that they are directly related to the low-speed
two-dimensional-cascade results. As far as possible, physical explana-
tions of the flow phenomena asre presented. In addition, & calculation
procedure is given to illustrate how the correletion curves could be uti-
lized in compressor deslgn.

INTRODUCT ION

Axial-flow-compreesor research has generally been directed toward
the solution of either compressor design or compressor analysis problems.
In the design problem, the compressor-inlet and -ocutlet conditions are
given, and the compressor geometry must be determined to satisfy these
conditions. In contrast, for the analysis problem the inlet conditiouns
and compressor are specified, and the outlet conditions are desired.

(The analysis problem is sometimes referred to as the "direct compressor
problem.™)

There are two phases of the axisl-flow-compressor design problem.
In the first phase it is necessary to prescribe desirable velocity dis-
tributions at each radius of the compressor that will ultimately ful-
£ill the design requirements. A discussion of the velocity-diagram
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rhase of the compressor design procedure is given in chapter VIII. Second-
ly, proper blade sections are selected at each radial position and stacked
in proper relation to_each other to estaeblish the design veloclty disgrams
at each radius. - In order to satisfy the design requirements successfully,
accurate blade-row design data are needed. Successful analysis of a com-
pressor (the anslysis problem) also depends upon accurate blade-row data,
?ot on%y at the design point but also over a wide range of flow conditions
ch. X).

In general, compressor designers have relied primarily on three
sources of blading information: (1) theoretical (potential-flow) solu-
tions of the flow past alrfoil cascades, (2) low-speed two-dimensional-
cascade data, and (3) three-dimensional annular-cascade data. Potential-
flow solutions have been used to a limited extent. In order to handle
the complex mathematics Involved in the theoretical solutions, 1t is nec-
essary to make simplifying gssumptions concerning the flow field. Among
the most Important of these is the assumption of a two-dimensional flow
field with no losses. Unfortunately, in some cases these assumptions lead
to invalid results unless experimental correction factors are qulled to
the computed results. These solutions are reviewed in chapter IV (ref. 1).

A considerasble amount of blaede design data haes been obtained from
low Mach number.experimental two-dimensilomnal cascades. A rather complete
study of the cascade work that has been done to date is presented in.
chapter VI, which correlates cascade data at minimum-loss incidence angle
for 8 wide range of inIét conditions and blade loadings. Low~-speed two-
designs. However, with the design trends.toward higher Mach numbers and
higher blade loadings, these cascade results have not always been com-
pletely adequeate for describing the compressor flow conditlons, particu-
larly in regions of the compressor where three dimensional—flow effects

predominate.

Because of such effects, 1t becomes essentlial that blade-element data
be obtained in s three-dimensional-compressor enviromment. These three-
dimensional-cascade data (obtained primerily from single-stage compressors)
mey then be used to supplement and correct the theoretical solutions and
the two-dimensional-cascade information. Some success has been obtained
in correlating annular-cascade data with the theory and the two- -
dimensional-cascade results (refs. 2 to 6); however, the range of varia-
bles covered 1n these investigations 15 not nearly complete.

The purpose of this chapter is to correlate and summarize the availa-
ble compressor data on = blade-element basis for c¢comparison with the two-
dimensional-cascade datas of chapter VI. An attempt is made to indicate
the regions of a compressor where low-speed two-dimensionsl-cascade data
can be applied to compressors and also to indicate the regions where cas=
cade results must be madified for successful application to compressor
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design. Two blade sections are considered in detail, the NACA.SS-(AlO)-

series blade and the double-circular-arc airfoil section. Particular
emphasis is placed on obtaining incidence-angle, deviation-angle, and loss
correlations at minimum lose for blade elements near the hub, mean, and
tip radil of both rotor and stator blades. Emplrical correction factors
that can be applied to the two-dimensional-cascade design rules are given,
and application of the design rules and correction factors to compressor
design is 1llustrated.

SYMBOLS
The following symbols are used in this chapter:
a speed of sound based on stagnation conditions, ft/sec

b exponent in deviation-angle relation (eq. (4)), function of inlet-
alr angle

c chord length, in. -
D diffusion factor

i incidence angle, angle between inlet-air direction and tangent to
blade mean camber line at leading edge, deg

K5 correction factor in incidence-angle relation, function of blade
maximum-thickness ratio and thickness distribution

Ks correction factor in deviatlon-angle relation, function of blade
maximum-thickness ratio and thickness distribution

M Mach number

m factor in deviation-angle relation at o = 1 (eq. (4)), function
of inlet-air angle

factor in deviation-angle relation (eq. (6)), function of blade-
chord angle

n slope factor in incidence-angle relation (eq. (3)), function of
inlet-air angle and solidity

P total or stagnation pressure, Ib/sq £t
P static or stream pressure, 1b/sq ft

r radius
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8 blade spacing, in.

T total or stagnatlon temperature

t blade maxlimum thickness, in.

v air velocity, ft/sec : SRR

g alr angle, angle between air velocity and axial direction, deg

T ratio of specific heats

e blade-chord angle, angle between blade chord and axial direction,
deg

8% deviation angle, angle between outlet-air directlon and tengent to
blade mean camber line at trailing edge, deg

1 efficiency

o¥ boundary-layer momentum thickness, in.

g solidity, ratio of chord to spacing

P blade camber angle, difference belween angles of tangents to mean
camber line at leading and trailing edges, deg

w angular velocity of rotor, radians/sec

o total-pressure-loss coefficient

Subscripts:

ad adiabatic

Cc compressor . P - _ —

GV inlet guide vanes

h hub

i@  ideal e - : e e e -

m mean
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min minlmum

(o} Zzero camber
R rotor
S stator

sT stage

t tip

z axial direction

e tangential direction

1 station at inlet to blade row or stage
2 statlon at exit of blade row or stage

2-D low-speed two-dimensional cascade
10 blade maximum-thickness-to-chord ratio of 10 percent
Superscript:

! relative to rotor

PRELIMINARY CONSIDERATIONS
Blade-Element Concept

In current design practice, the flow distribution at the outlet of
compressor blade rows ls determined from the flow characteristics of the
individusl blade sections or elements. The blade~element approach to
compressor design is discussed in detail in chapter IIT (ref. 1) and ref-
erence 7. To review briefly, axial-flow-compressor blades are evolved
from a process of radial stacking of individual sirfoil shapes called
blade elements. The blade €lements are assumed to be along surfaces of
revolution generated by rotating a streamliine about the compressor axis;
this stream surface of revolution may be approximated by an equivalent
cone (fig. 1). Each element along the height of the blade is designed to
direct the flow of air in a certain direction as required by the design
velocity diagram of the blade row. The basic parameters defining the
flow about a blade element are indicated in figure 2. Stated simply,
blade-element flow is described by the variations of the loss In total
pressure across the blade row and of the air-turning angle with the
incidence angle (or angle of attack).
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Factors Affecting Blade~Element Performance

The flow about a given blade element in a compressor configuration
is different from that in a two~dimensional cascade because of three-
dimensional effects in compressor blade rows. These three-~-dimensilonal
effects influence the magnitude of the design incidence angle, the loss
in total pressure, and the deviation angle.

Incidence angle. - In the low-speed two-dimenslional cascade, the
minimum-loss incidence angle depends on the blade geometry (canmber, so-
lidity, and blade thickness), the inlet-air angle, and inlet Mach number
(ch. VI). In compressor operation, several additional factors can alter
the minimum-loss incidence angle for a given element geometry - for é&x -
ample, differences in testing procedure. In compressor operation, 1nci-
dence angle, inlet-air angle, and inlet Mach number vary simultaneously;
in contrast, cascades are often operated with fixed inlet-air angle and
inlet Mach number. Some net difference in the range characteristics and,
therefore, the locatlion of the point of minimum loss bebtween cascade
operation at constant inlet-ailr angle and compressor test operation (with

varying inlet-air angle) may be obtained.

In addition to these blade-element considerations, of course, there
are sources of difference arising from compressor three-dimensional ef-
fects. For example, radial variations of minimum-loss incidence angle
that are not consistent with the trends predicted from cascade blade-
element considerations have been observed in compressor rotors (refs. 8
and 9). Apparently, radial position may also be & factor in determining
compressoy minimum-loss incidence angle.

Total-pressure loss. - In the two-dimensional cascade, the magnitude
of the loss in total pressure across the blade element is determined from
the growth of the blade surface boundsry layérs (profile loss). In the
actual compressor, the loss in total pressure is determined not only by
the profile loss, but alsoc by the losses induced by the three-dimensional
nature of the flow. These three-dimensional logses result from secondary
motions and disturbances generated by the casing wall boundary layers,
from blede tip clearance, from radial gradlents of total energy, snd from
interactions of adjacent blade rows. The compressor loss picture is furs
ther complicated by the tendency of boundary-layer fluid on the compres-
sor blade surfaces and in the blade wake to be displaced radially. As a
consequence of thils phenomenon, the losg measured downstream of a given
blade element msy not necessarily reflect the actual loss generated at
that element, but something more or less, depending on the radiasl loca-
tion of the element.

3770



NACA RM E56B03a - 103

It is expected, therefore, that the factors influencing the magni-
tude of the blade-element loss in the compressor will include the factors
affecting the profile loss (blade surface velocity distribution, inlet
Mach number, blade-chord Reynolds number, free-stream turbulence, and
blade surface finish) and the factors affecting the three-dimensional
losses. Investigations of compressor blade-element losses based on sur-
face velocity distribution, as expressed in terms of diffusion factors,
are presented in references 10 and 11. The essentially secondary effects
of blade surface finish and trailing-edge thickness on compressor loss
are investigated in references 12 and 13. Results of tests of blade-
element performance (ref. 14 and ch. V (ref. 1)) and over-asll performance
(refs. 15 and 18) at varying Reynolds numbers indicate that there is no
slgnificant variation in loss for Reynolds numbers above approximately

2.5Xl05. (Since most of the compresgsor data used in this analysis are

for Reynolds numbers greater than 2.5Xl05, no Reynolds number effects are
believed to exist for the data.) Some variations of compressor loss with
inlet Mach number have been established in references 8, 17, and 18.
These results, hqowever, are not complete indications of Mach number ef-
fects (shock-10sses), since the corresponding variations of blade diffu-
sion with Mach number are not identified. An attempt to separate the
variation of diffusion and shock losses with Mach number by means of an
analysis based on the diffusion factor of reference 10 is presented in
references 9 and 19. )

Although some aspects of the compressor three-dimensional-flow phe-
nomene are known (che. XIV and XV (ref. 20)), the specific factors or
parameters affecting compressor three-dimensional losses have not been
established for analysis purposes. At present, the three-dimensional
loss can be treated only on a gross baslis as a difference between the

total measured loss and the predicted profile loss.
e

Deviation angle. - In the two-dimensional cascade the minimum-loss
deviation angle varies primarily with the blade geometry and the inlet-
eir angle. Experience with compressor operation Indicates that blade-
element minimum-loss deviation angle is also sensitive to three-
dimensional effects. The two principal compressor effects are secondary
filows and changes in axial veloclty across the blade element. Secondary
flows are treated in chapter XV (ref. 20) and in reference 21. Correc-
tions are established in reference 21 for the effect of secondary flows
on the outlet angles of compressor inlet guide vanes. At present, how-
ever, rotor and stator secondary-flow effects can be treated only on a
gross basis.

The effects of changes in axlial velocity ratio on the turuning angles
of a fixed blade-element geometry are conclusively demonstrated in the
rotor investigations of reference 4. There are several origins of vary-
ing axial velocity ratio across a compressor blade element: (1) contrac-
tion of the annulus area across the blade row, (2) compressibility, which
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varies axial velocity ratio for a fixed annulus area, and (3) differences

in the radial gradient of axial velocity at blade-row inlet and outlet, -
which can arise from the effects of radial-pressure equilibrium (ch. VIII). -
Although several attempts have been made to establish corrections for the
effect of change in axial velocity ratio on deviation angle (refs. 4 and

22), these proposed correction techniques have not been universally suc-
cessful. The principal difficulty involved in the axlal velocity correc-

tions is the inability to determine the corresponding changes in blsde’
circulation (i.e., tangentiaml velocity). Values of axial velocity ratio

were identified for the deviation-angle data presented although no at-~

tempt was made to apply any corrections.

Some of the secondary factors influencing deviation angle, such as
inlet Mach number and Reynolds number, are investigated in references 4,
8, and 17. These results Indicate that the variations of deviation
angle with Mach number and Reynolds number are small for the range of
data consldered in this survey.

Correlation Approach

In this chapter, annular-cascade data are compsred with the two- .
dimensional-cascade correlations of minimum-loss incidence angle, total-
pressure loss, and deviatlon angle of chapter VI. In this way, compres- .
sor investigations serve as both a verification and an extension of the -

two-dimensional-cascade data. Two-dimensional-cascade data correlations
and rules, in conjunction with correction factors deduced from the three-
dimensional data, can then be used for compressor design and analysis.

With this approach in mind, all available single-stage data were
collected, computed, and plotted in a form considered convenient for
correlation. The blade and performance parameters used in the analysis
are similar to those used in the two-dimensional-cascade correlations of
chapter VI. Camber angle, incildence angle, and deviation angle (fig. 2)
are used to define the blade canber, air approach, and air leaving direc-
tions, respectively. These angles are based on tangents to blade mean
camber line at the leading and trelling edges. As in chapter VI, the
NACA 65-(A;)-series blades are comsidered in terms of the equivalent

circular-arc camber line (figs. 3 and 4 of ch. VI, pp. 43-44).

Loss in total pressure across the blade element 1s expressed in
terms of the loss parameter ' cos Bé/Zc, where the relative total-

pressure-~loss coefficlent o 1s defined as the mass-averaged defect in

g
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relative total pressure;divided by the pressure equivalent of the inlet
veloclity head:

1 - 1

—, Fa-F2

@ = PI _ (l)
1~ P1

For stationary blade rows, or no change in streamline radius across the
rotor, the numerator of equation (1) becomes the decrease in relative
total pressure across the blade row from inlet to outlet. The relative
total-pressure-loss coefficient was computed from stationary measurements
of total pressure and total temperature and from the computed relative
inlet Mach number according to reference 10. The total-pressure-loss
paraueter o' cos Bé/Zc, as indicated in chapter VI, can be used as a

gignificant paremeter for correlating blade losses.

The diffusion factor, which is used as a blade-loading parameter, is
defined in reference 10 for no change 1n radius as follows:

t t _ 1
pof1-2). 81" "o (2)
S 7] 20V

A typical example of the plotted performence parameters for a rotor
blade row is shown in figure 3. The data represent the variations of the
flow at fixed rotational speed. Plots for stator blade rows show similar
trends of variation. As in chapter VI, a reference point was established
as the incidence angle for minimum loss (fig. 4(a)), and the blade-element
flow was analyzed at this reference poinmt. In cases where minimum-loss
incidence was not cleerly defined, the reference point was taken as the
mean incidence of the incidence-angle range for which values of ® at
the end points are twice the minimmm value (fig. 4(b)). In some in-
stances, near the compressor tip the loss-asgasinst-incidence-angle curve
increased continuously from a minimum value of loss parameter at the
open-throttle point. In presenting deta for these cases several points
near the minimum-loss value are plotted.

One of the primary objectives of this analysis is to determine dif-
ferences in blade-element performance with compressor radial position.
Therefare, three radial positions along the blade span (near the hub,
mean radius, and tip) of each blade row are considered. The radial posi-
tions at the huyb and tip are approximately 10 to 15 percent of the pas-
sage height away from the Inner and outer walls, respectively, which are
outside the wall boundary-layer region in all cases. The analysis is
directed toward correlating the loss and deviation-angle data at refer-
ence incidence angle and determining the variation of reference incidence
angle with blade geometry and Mach number at the three radial positions.

JE-
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Experimental Data Sources

There are three sources of three-dimensional-cascade blade-element
data: stationary snnular-cascade tunnel investigations, multistage-
compressor investigations, and single-stage or single-blade-row compressor
investigations. A relatively small amount of data has been accumilated
from blade-row investigations conducted in stationary anmilar-cascade tun-~
nels. Tunnels of this type have been used primerily for inlet-guide-veane
investigations. Typlcal examples of antmlar~cascade tunnel ilnvestigations
are reported in references 14 and 23. Numerous multistage-compressor in-
vestigations have been conducted both in this country and ebroad. Unfor-
tunately, the date obtained from these investigetions are too limited to
permit the construction of individusl blade-row-element performance curves
similar to those illustrated in figure 3.~

The data used in this investigation were obtained primarily from in-
vestigations of single rotor rows or of single-stage compressors. A typ-
ical single-stage~compressor test instellation is shown in figure 5. This
particular compressor consists of & row of inlet guide vanes, a rotor
blade row driven by a varlable-speed motor, and a stator blade row. A
discharge throttle ig installed in the outlet system to vary the compres-
sor back pressure. In this manner, the compressor mase-flow rate can be
controlled. In an installation such as this, compressor performance over
a8 range of speeds and mass flowse can be obtained simply. In many cases,
test rigs similar to figure 5 have been operated with only guide vanes
and rotors or wilth rotors alone.

Many phases of compressor research have been conducted in single-
stage-compressor test rigs; and, in reporting these phases, complete
blade-element results are not usually presented. Therefore, it was nec-
essary to collect available original dsta and rework them in terms of the
parameters of the analysis. 8Since only NACA originsl data were avallable
in blade-element form, the deta enalysis is based mainly on single-stage-
compressor investigations conducted at the Lewls lgboratory. The measure-
ments taken and the instrumentetion used vary somewhat from compressor to
compressor; in most cases, however, 1t is possible from the available data
to reconstruct complete experimental velocity diagrams and to determine
the blade-element performance. Radial survey medsurements were made after
each blade row. Normally, total pressure, statlc pressure, total tempera-
ture, and air direction were measured. The pressure- and temperature-
measuring devices were calibrated for the effect of Mach number.

Most of the compressor investigations that were adaptsble to this
analysis were conducted on NACA 65-(A;,)-series airfoil shapes and double-

circular-arc alrfoils. Therefore, the analysis is concerned solely with
these airfoils. The 65-(A;5)-series airfoil has been used extensively in

subsonic compressors; and the double-circular-arc airfoil, which is a
relatively simple airfoll shape, has been used effectively in transonic
compressors. Detalls of the characteristics of the various blade rows
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used in this analysis are summarized in taeble I, and details of the
instrumentation, calculation procedure, and accuracy of measurement are
given in the listed references.

INCIDENCE-ANGLE ANATYSITS
Method of Correlation

In correlating blade-element reference-incidence-angle data, meas-
ured values of incidence angle are compared with values of reference inci-
dence angle predicted for the geometry of the blade element according to
the low-speed two-dimensionsl-~cascade correlations of chapter VI. In
chapter VI, the low-speed two-dimensional reference incidence angle is
expressed In terms of the blade geometry as

1a.p = K;i(ig)y0 + 0o (3)

where K; 1is a function of blade thickness distribution and maximum-
thickness ratio, (io)lo is the zero-camber incidence angle for the 10-
percent-thick airfoil section (function of air inlet angle Bi and

golidity o), and n is equal to [(i - i )/@lo.p (also a function of
B} end o). Values of K;j, (ig)y0> @8n@ n for the circular-arc and
65—(Alo)—series blade are repeated in figures 6 to 8 for convenience.

The comparisons between measured blade-element reference incidence
angle iC and predicted two-dimensionsl Incidence angle i, p are ex-

pressed in terms of the difference (ip - ip_p). Thus, a value of zero

of the difference parameter corresponds to an equivalence of the two in-
cidence angles. In view of the established tendency of the reference
incidence angle to increase somewhat with inlet Mach number (ch. VI), it
was thought desirsble to plot the varistion of the difference parameter
(ic - iZ-D) against relstive inlet Mach number for the three radial posi-

tions at hub, mean, and tip.

NACA 65-(A10)—series blades. - The results of the comparison between

compressor and two-dimensionsasl-cascade reference incidence angles for the
NACA 65-(A;qp)-series blades are presented in figure 9 for hub- mean-,

and tip-raﬁius regions. Both rotor and stator data are presented; the
stator date being represented by the solid polnts. Different values of
incidence angle for a gliven symbol represent different compressor tip
sepeeds. As might be expected in a correlation of this type involving
data from different test installations and instrumentetions, the data

are somewhat scattered, particulariy in the hub and tip regions. It has

e -
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not been possible 11 these Instances to evaluate the significance or ori-
gin of the scatter. (In compressor investigations, instrumentation in-
accuracy generally contributes heavily to the data scatter, especiaslly at
hub and tip.) Nevertheless, the results of the comparison are indicative
of the trends involved, and it is poasible to make some general
observations.

For the rotor mean-radius region, where three-dimensionel disturb-
ances are most likely a minimum, the rotor minimm-loss incldence angles
are, on the average, @bout 1° smaller than the corresponding cascade-
predicted values. This difference may he a reflection of some of the
compressor influences dlscussed previously. The data also indicate that
no essential varlation of reference incidence angle with relative inlet
Mach number exists up to values of M{ of sbout 0.8. The 65-(Alo) series

blade, having a thick-nose profile, apparently exhibits the same approx-
imate constancy of minimum-loss incidence angle with Masch number as in-

dicated for the Britlish thick-nose C-series profile in the cascade com-

parisons of chapter VI,

At the rotor tip, the compressor reference incldence angles are from
0° to 4° less than the predicted cascade values. As in the case of the
rotor mean radius, no essentlal variation with inlet Mach number is ob-
served 1n the range of data covered. The lower values of rotor reference
incidence angle were genersally the result of a change in the form of the
veriations of loss against incidence angle iIn the'rotor, as illustrated
in figure 10. The change in form may be explained on the basis of a
probable increase in rotor tip three-dimensional losses (centrifuging
of blade boundary layer, tip-clearance disturbances, etc.) with increasing
incidence angle.

At the rotor hub, the situation ls somewhat confused by the wide
range of data. A tendency of the compressor incidence angles to be some-
what larger than the corresponding cascade values with an dverage value
of about 1° or 2° is indicated.

For the stator mean-radius and hub regions, close agreement between
compressgor and cascade Incldence angles is indicated for the range of
Mach numbers covered (to sbout 0.7). Considersble scatter exists in the
stator data at the compressor tip; therefore, no definite conclusions can
be made concerulng the variations of ilncidence angle.

Double-circular-arc blade. = The results of the double-circular-arc
girfoil correlatlon are presented in figure 11, where compressor refer-
ence incidence sngle minus low-sPeed-castdde-rile incldence angle (eq.
(3)) is plotted against relative Inlet Mach number for the hub, mean, and
tip radisl positions for both rotors and stators. The dashed curve rep-
resents the variation obtained with a 25°-camber double-circular-arc blade
in high-speed two~dimensiomal cascade (ch. VI). '

SRS
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It is immediately apparent that robtor reference incidence angle at
all radial positions increases with increasing Mach number. The data
indicate that the magnitude of the increase in reference incidence angle
with Mach number is larger at the hub than at the tip. The hub data
points in figure 11 were obtained from blade elements of relatively high
camber. Both potential-flow and low-speed-cascade results indicate that
this type of configuration is assoclated with a negative velue of refer-
ence incidence angle. As inlet Mach number is increased, the increase
in incidence angle in the positive direction must be falrly large in
order to avoid high losses associsted with blade-row choking. In con-
trast, at the compressor tip, since the blade cambers are generally
lower (see table I), the low-speed incidence angle is higher and the
required rate of change of incldence angle with increasing Mach number
is not as large. Unfortunately, low Mach number data were not avail-
able to permit extrapolation of the rotor incidence-angle variations to
zero Mach number (level of cascade correlation). However, it is be-
lieved that there will be very little change In the rotor incidence angle
for values of Mach number below about 0.4 to 0.5. Extrapolated values of
rotor reference incidence angle at zero Mach number appear to be of the
order of 0.5° at the hub, 1.5° at the mean radius, and 2.5° at the tip
below cascade-rule values.

The double-circular-arc blade element in the compressor rotor exhib-
its the same general incidence-angle characteristic with Mach number that
was observed for sharp-nosed blade sections in the high-speed two-
dimensional cascade (ch. VI). As indicated in chapter VI, the increase
in reference incidence angle with Mach number is assoclated with the tend-
ency of the range of the blade to be reduced only on the low-incidence
side of the loss curve as Mach number is increased.

The rotor data for the double-circular-arc section, like those for
the 65-(Ajg)-series blades, are comparable to the cascade variations at
the mean radius, somewhat higher at the hub at the higher Mach numbers,
and noticeably lower at the tip. Apparently, the same type of three-
dimensional phenomenon occurs at the tip for both blade shapes.

The availgble double-circular-arc stator data are too meager for
any conclusions.

Summary Remarks

The variation of reference incidence angle for 65-(Ajg)-series and
double-circular-arc blade sections has been presented. No Mach number ef-
fect on reference incidence angle was observed for the 65-(A10)-series

blades for the range of M4ach numbers considered. In contrast, the double-
circular-arc blade sections exhibit a pronounced variation of reference
incidence angle over the range of Mach number investigated. Significant
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differences between the two-dimensional-cascade data and the rotor data
were observed at the compressor tip. In contrast, at the mean radlius and
hub, the differences in two-dimensional-cascade dats and rotor data were
relatively small, eveh though the flow field was three-dimensional.

Additional data are required to determine the variation of stator
reference incidence angle, particularly for the double-circular-arc alr-
foll sections. Also, no information has been presented concerning the
allowable incidence-angle range for efficient (low-lose) operation and
the variation of this range with inlet Mach number. Investigations of
these phases of compressor research are very essential to fill gaps in
the compressor design and analysis procedures end warrant attention in
future research programs.

TQTAL-PRESSURE-LOSS ANALYSIS
Correlation of Data

For two-dlmensional-cescade data obtalned at low Mach numbers, the
values of total-pressure-loss parameter o cos 32/20 plotted agalnst

diffusion factor (eq. (2)) form essentislly a single curve for all cas-
cade configurations. The diffusion-factor correlation of loss parameter
was appllied to data obtained over a range of Mach numbers from single-
stage axlal-flow compressors of varlous geometries- and deslign Mach num-
bers. Values of total-pressure-loss paraneter calculated from single-
stage-compressor data are plotted ageinst diffusion factor for the hub,
mean, and tip measuring stations in figure 12. ZEach symbol represents
the value of diffusion factor and loss parameter at reference incidence
angle at a given tip speed. Also plotted as a dashed curve is the cor-
responding correlation presented in chapter VI for the low-speed two-
dimensional~cascade data. The data of figure 12, which were cobtained
from the rotor and stator configurations summarized in table I, represent
both 65-(Ajg)-series and circular-arc blade sections. The plots of fig-

ure 12 essentially represent an elaboration. of the loss-diffusion corre-
lations of reference 10.

The most important Impression obtained from the rotor datas plots is
the wide scatter and increasing loss trend with diffusion factor =at the
rotor tip, while no discernible trend of varlstion is obtained at the
rotor hub and measn radii. For the rotor huk and mean radil, it cen be
assumed that the rotor blasde-element loss parameter follows the cascade
variation but at a higher average magnitude. Unfortunately, the range
of diffusion factor that could be covered in the campressor tests was not -
sufficient to determine whether a marked rise in loss 1is obtalned for
values of diffusion factor greater than about 0.6 (as in the cascade).

1 3380
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It is apparent from the loss trend and data scatter at the rotor
tip that a different loss phenomenon is occurring in the tip region. It
is recognized that a part-of the scatter is due to the general instrumen-
tation inasccuracy in the highly turbulent tip regions. In view of the
usually lerge radial gradients of loss existing in the blade tip region,
small varistions in positioning radial survey probes can cause noticesble
differences in the computed results. Nevertheless, it is obvious that
factors other than the blade-element diffusion are influencing the tip
loss. The specific three-dimensional factors or origins involved in the
loss rise at the tip are not currently known. The principal conclusion
reached from the plot is that the lilkelihood of a rising loss trend on
the rotor tip exists for values of diffusion factor greater than gbout
0.35.

The stator losses at all radial positions in figure 12 appear to be
somewhat higher than those of the two-dimensional cascade, particularly
at the higher values of diffusion factor.

Summary Remarks

Rotor and stator blade-element loss data were correlated by means
of the diffusion factor. The losses for stator and rotor blede elements
at hub and mean radii were somewhat higher than those for the two-
dimensional cascade over the range of diffusion factor investigated. At
the rotor +ip, the losses were considersbly higher at velues of diffusion
factor above approximately 0.35.

The foregoing blade-element loss analysis is clearly incomplete.
The need for additional work is indicated for such purposes as evaluating
the origin and magnitude of the tip-region losses. The loading limits
for rotors at other than the tip region and for stators at all blade ele-
ments have not been determined, because, for the availsble data, the dif-
fusion factors at reference incidence do not extend to sufficiently high
values. Single-stage investigations are needed over the criticel range of
Reynolds number to determine the effect of Reynolds number on the blade-
element loss. It 1ls desirable to lsolate the effects of velocity diffu-
sion and shock waves on the loss at high Mach number operation. The loss
correlations presented should also be extended so that the data are ap-
plicable over a range of incidence angle. This would be of extreme value
in the compressor analysis problem.

DEVIATION-ANGLE ANALYSIS

In addition to design information concerning blade-element losses
and incidence angle, it is, of course, desirsble to have a rather com-
plete plcture of the air deviatlion-angle characteristics of axial-flow-
compressor blade elements. Therefore, the two-dimensional-cascade cor-
relation results are reviewed and supplemented with annular-cascade data

in this section.
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Method of Correlation

As in the analysis of reference incidence angle, the correlstion of
blade-element deviation angle at reference incidence 1s presented in terms
of a comparison between measured blade-element deviation angle and devia-
tion angle predicted for the element according to the low-speed two-
dimensionsl~cascade correlations of chapter VI. In chapter VI, the low-
speed two-dimensional-cascade deviation angle at reference incidence
angle is expressed in terms of hlade geometry as

83_p = Kg(83)10 + :% ® (4)

where Ky 1s & function of maximum-thickness-to-chord ratlo and thickness
distribution, (Bg)lo is the zero-camber deviatilon angle for the 10-
percent-thick airfoil section (function of B{ and o), m is a func-
tion of Bi for the.different basic camber distributions, and b is an
exponent that is also a function of Bi.

As was shown previously, the reference incidence angle of the com-
pressor blade element may differ somewhat from the corresponding two-
dimensional reference incidence angle. Inasmuch as deviation angle will
vary with changing reference incidence angle for a given blade geometry
(depending on solidity), the two-dimensionel deviation angles were cor-
rected to the reference incidence angles of the compressor blade elements.
The corrected deviation angle, as suggested in chapter VI, is given by

0 o m as°®
8.0 = K80 + 5o+ (1 - 12p)(3), ()

where (d&o/di)z_D -is the slope of the two-dimensional varistion of de-

vigtion angle with Incldence angle at reference incldence. Values of
Kgs (83)10, m, b, end (d8°/di)p p for the circular-arc and 65-(4,4)-

serles blade are repeated in figures 13 to 17 for convenience.

Deviatiou-angle comparisons for the double~-clrculer-arc blade were
also made on the basis of Carter's rule for cascade blades (ref. 24):

0 Mo
®2-0 = 5.5 ¢ (6)

where m, 1s a factor that is a function of blade-chord angle (fig. 18).

3390
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Carter's rule, which has been used extensively in the design of
circular-arc blades, was used as the basis for the more eldgborate rule of

equation (4). In the calculations, Carter's rule was applied directly to
the compressor reference incidence angles.

The comparisons between measured blade-element reference deviation
angle 6 and predicted two-dimensional deviation angle 62—D are ex-

pressed in terms of the difference perameter (53 - 83_p) ageinst relative

inlet Mach number for the three radial positions at hub, tip, and mean
radius.

NACA 65-(Ajp)-series blades. - Curves of compressor deviation angle

minus cascade-rule deviation angle (eqg. (5)) for the 65-(Ajg)-series air-
foil for both rotors and stators are plotted against relative inlet Mach
number for the hub, mean, and tip radial positions in figure 19(a). All
values of deviation angle correspond to those at compressor reference in-
cidence angle. As in the case of the incidence-angle and loss correla-
tions, there i1s considerable scatter of data, particularly in the hub and
tip regions. Some of the scatter is believed due to the effects of three-
dimensional flows and changes in axial velocity ratio across the element,
but perheps the most important factors are instrumentation differences and
errors. It is generally recognized that it is difficult to measure com-~
pressor air angles with an accuracy better than sbout £1° to 1.5°. The
correlations must therefore be evaluated on an average or trend basis.

The correlstion of rotor data in the mean-radius region is feirly
good; axial velocity ratio varied between gbout 0.9 to 1.10. On the av-
erage, the rotor mean-radius deviation angles are gbout 0.5° less than the
cascade values. These results agree with previous experience (refs. 4
and 5), which indicated rotor turning angles approximately 1° greater
(i.e., deviation angles 1° less) than the two-dimensional-cascade results.
If date points for the rotor tip having axial velocity ratios less than
0.8 are neglected, the average deviation angle is gbout 0.5° less than
the cascade value. Axisl velocity ratio for the tilp-region unflagged data
varied between 0.8 and 1.05. For the hub, on the average, the blade-
element deviation angles were sbout 1.0° greater than the corresponding
two-dimensional values. Hub axial velocity ratios varied between 1.0 and
1.3. As in the two-dimensional cascade (ch. VI), no Mach number effect
on deviation angle is indicated over the range of Mach number investigated
for all three regions.

For the stator mean-radius (V, Z/V ,1 = 1.0 to 1. 1) and hub-radius
(Vz,z/vz 1 = 0.85 to 1. 05) regiouns, the average deviation angles are both

agbout 1. O° lower than the corresponding two-dimensional values. At the
stator tip, the average blade-element value is indiceted to be gbout 4°
less than the two-dimensional value. However, these dats all have high
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axial velocity ratios (from 1.1 to 1.5). Tt is expected that, on the

basis of constant axial velocity, the probsable average blade-element de- .
viation angles at the stator tip might be several degrees closer to the «
two-dimensional values. (Increasing axial veloclty ratio at essentially
constant circulation for the stator tends to decrease deviation angle.)
As in the case of the rotor, no essentlal variation of deviation angle
with Mach number is detected for the stator within the range of Mach num-
bers investigated. ' -

Double~circular-arc blade. - Blade-element and two-dimensional-
cascade deviation angleas .(eq. (5)) obtained for the double-circular-arc
blade are compared in figure 19(b). The scatter of data is generally
less than for the 65—(A10)-series blades, partly because of the generally

more accurate measurements taken in these investigstions (all are more
recent than the data of fig. 19(=a)).
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On the average, at the lower Mach numbers the bladé-element deviation
angles were gbout 1.5° less than the two-dimensional values at the tip,
1.0° greater at the hub, and edqual to the two-dimensionsl values at the
mean region. Ranges of axial velocity ratio. covered for the data were
0.85 to 1.05 at the tip, 0.95 to 1.5 st the hub, and 0.80 to 1.15 at the
mean radius. A slightly increasing trend of variation with inlet Mach
number may be Indicated at the mean radius and possibly also at the hub. =

The double-circular-arc stator data avalleble (solid symbols) are too
limited to permit any relisble conclusions to be drawn. It appears, how- =
ever, that at the stator mesn radius, the blade-element deviatlon angles
msy be sbout 0.5° less than the two-dimensionsl-cascade values. This i
esgentlally the same trend observed for the 65—(A10)-series stators at mean

radius in figure 19(a). Blade-element deviation angles appear to be
greater at the tip and smaller at the hub than the two-dimensional values.
Ranges of axlal veloeclity ratio were 1.0 to 1.25 at the tip, 0.95 to 1.27
at the mean radius, and 0.9 to 1.30 at the hub,

Blade-element deviation angles and two-dimensional vslues predicted
by Carter's rule (eq. (6)) are compared in figure 20. Inssmuch as Carter's
rule results in values of two-dimensional deviation angle between 0.5° to
1.0° smaller than obtained from the modified rule of equation (5) for the
range of blade-element geometries Included in the data, the agreement with
the blade-element data remains quite good.

Summary Remaxrks

From the comparisons of measured and predicted reference devistion .
angles for the NACA 85-(Ajg)-series and double-circular-arc blades, it

was found that the rules derived from two-dimensional-cascade data can
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saetisfactorily predict the compressor reference blade-element deviation
engle in the rotor and stator mean-radius regions for the blade confilgu-
rations presented. ILarger differences between rule and measured values
were observed in the hub and tip regions. These differences can be at-
tributed to the effects of three-dimensional flow, differences in axial
velocity ratio, and measurement inaccuracy. As in the cascade, essen-
tially constant deviation angle with Mach number was indicated for the
Mach number range covered. Additionsl stator blade-element data, partic-
ularly for the double-circular-arc blade, are required to establish the
stator correlstions more firmly.

APPLICATION TO DESIGN
Design Procedure

The foregoing correlations provide a means of establishing the ref-
erence incidence angle and estimating the corresponding deviation angle
and total-pressure loss for rotor and stator blade elements of compressor
designs similar to those covered 1in the analysis. This is accomplished
by establishing deduced curves of compressor blade-element incldence-
angle and deviation-angle corrections for the low-speed two-dimensionsl-
cascade rules of chapter VI. Reference incidence and deviation angles
for the compressor blade element are then given by

ic =ipp + (ig - iz.p) (7)

and

8 = 83 _p + (83 - 83_p) (8)

where i, n, and 83 ., are given by equations (3) and by (5) or (8),
2-D 2-D .

respectively. Curves of incidence-angle and deviation-angle corrections
deduced from the rotor blade-element date of figures 9, 11, 19, and 20
are shown as functions of relative inlet Mach mumber for several radisl
positions along the blade height in figures 21 and 22. The curves in
figures 21 and 22 are faired average values of the data spread and,
strictly spesking, represent bands of values. In view of the very lim-
ited data availeble, compressor correction curves could not relisbly be
established for the stator deviatlon and incidence angles.

Establishing single deduced blade-element loss curves at reference
incidence angle is a difficult task because of the scatter of the ex-
perimental data, especlally in the rotor tip region. Nevertheless, for
completeness in order to illustrate the prediction procedures, curves of
average total-pressure-loss parameter as a function of diffusion parameter
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obtained from the data of figure 12 are shown in figure 23 for rotor and
stator. The shaded portion in the filgure Indicates the possible band of .
values obtainable at the rotor tip. .

The procedure involved in determining blade-element camber angle
and efficlency at reference incldence angle for a compressor design based
on the blade-row velocity diagrem and the foregoing correlstion curves 1s
now indicated. The desired blade-element turning angle (Bi - Bé) and

relative inlet Mach number Mi are obtained.from the design velocity é
disgram. Camber and turning angles are related by the equation
- Bt - Rt o
¢ =B -By+28 -1 (9)
Compressor blade-element incidence (eqs. (3) and (7)) and deviation (egs.
(5) and (8)) angles are given by
1o = Ki(ig)i0 + 00 + (ig - ip_p) (10)
88 = Kx(52) L 1 - 1, )(822 88 - 82 i
¢ =Xp(®Jio + @ + (¢ - Lapl\g), o+ (88 - 82.p)  (11) -
Substitution of equations (10) and (11) into equation (9) and rearrange- .
ment of terms yleld:
o _ &0 : d8° Q
(B1- B3) + (8¢ - 82 p) - (i¢ - 12-13)[1-0 - (3?)2_13] - K3 (15)10 +X5(83)10
. | T-E.a
&b

(12)

All terms on the right side of equation (12} can be determined from
the velocity-dlaegram properties, the specified blade shape and thickness,
eand the specified solidity. After the camber angle is determined, the
incidence and deviation angles can be calculated from equations (10) sand
(11). Rotor blade-element loss parameter is estimated from the velocity-
diagram diffusion factor and the curves of figure 12. The total-pressure-
loss coefficient o' 1s then readlly obtalned from the blade-element so-
lidity and relative alr outlet angle. Blade-element efficiencles for the
rotor and complete stage can be computed by means of the techniques and
equations presented in the eppendix. If the change in radius ascross the. -
blade row can be assumed small, blade-clement efficiency can be determined -
through the use of figures 24 to 26 from the selected values of ' and
the values of Mi and gbsolute total-pressure ratio or total-tempersature

ratio obtained from the velocity disgram. -
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The foregoing procedure can hest be illustrated by a numerical ex-
ample. Suppose the following specified rotor design values represent
typicel values at 10 percent of the pessage height from the compressor
tip:

Bi = 56.9° W

t | - (o]
Bl Bz 10.9

'- 1.1 obtalined from veloclty-diagram
My = 1. calculations (ch. VIII)
D =0.35
T2 1.091
T < J
U=l.0 .

assumed valiues

t/c = 0.06

The problem is to find the camber, incidence, and deviation angles
and the total-pressure-loss coefficient for a double-circular-arc girfoil
gection that will estdblish the wvelocity-diagram values.

(1) From the value of M{ end figures 21(b) and 22(b),

- c s} o _ o)
ig - ip.p = 4.0 SC - 8. p=-1.5
2) From the vslues of B!, g, and t/c and figures 6 to 8 and
lJ 2
13 to 17,
K; =0.54 (i)10 = 4.4° n = -0.22 Kg = 0.37
aso

(83)10 = 1.6° m=0.305 b =0.714 EE’)Z o = 0-095

(3) When the values of steps (1) and (2) are substituted in equation
(12), the value of blade camber ¢ = 8.4°.

(4) From equations (10) and (11), iy = 4.5 and &3 = 2.0.
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(5) For calculation of the total-pressure-loss coefficient, the dif-
fusion factor (0.35) and figure 23(a) yield a value of (0.025) for the
loss parameter (@' cos Bé)/ZU; and

By = B! - (B! - BY) =56.9 - 10.9 = 46.0°
cos Bé = 0.6947
Therefore, . = R N L . _ - -
= . (ﬁb cos Bé) 20 _ 0.025%2 _ oo
20 cos B} 0.6947 _

(6) For a negligible change in radius across the blade element, the
following velues can be found from figures 24 and 25:

T2

Py

= 0.962 Ngg = 0.87 = 1.31

el
T PN

The preceding example has been carrled out for a typical transonilc
rotor blade section. A similar procedure can be used for stator blade
sections when adequatbe blade-element dats become availsable.

Summary Remarks

The foregoing procedures and dsta apply only to the reference point
(i1.e., the point of minimum loss)} on the general loss-against-incidence-
angle variation for a given blade element. The reference minimum-loss
incidence angle, which was established primerily for purposes of analysls,
is not necessarlly to be considered as a recommended design poilnt for com-
pressor application. The selection of the best incidence angle for a par-
ticular blade element in a multistage-compressor design is a function of
many cousidersations, such as the locatlion of the blade row, the design
Mach number, and the type and applicsation of the design. However, at
transonic inlet Mach number levels, the point of minimum loss may very
well constitute a deslired design setting.

At any rate, the establishment of flow angles and blade geometry at
the reference incidence angle can serve asg an anchor point for the deler-
mination of condltions at other incldence-angle settings. For deviation-
angle and loss verlations over the complete range of incidence angles,
reference can be made to available cascaede data. Such low-speed cascade
data exist for the NACA 65-(Ajp)-series blades (ref. 25).

3390
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It is recognized that many qualificetions and limitations exist in
the use of the foregoing design procedure and correlation data. For best
results, the application of the deduced variations should be restricted
to the range of blade geometries (camber, sclidity, etc.) and flow condi-
tions (inlet Mach number, Reynolds number, axial velocity ratio, etec.)
considered in the analysis. In some cases for compressor designs with
very low turning angle, the calculated camber angle may be negative. For
these cases it is recommended that a zero-camber blade section be chosen
and the incidence angle selected to satisfy the turning-angle require-
ments. The data used in the analysis were obtained for the most part
from typical experimentel inlet stages with essentially uniform inlet
flow. Nevertheless, such data have been used successfully in the design
of the latter stages of multistage compressors. It should also be remem-
bered that the single curves gppearing in the deduced varlations repre-
sent essentially average or representative values of the experimental
date spread. Also, In some cases, particularly for the stator, the aveil-
able data are rather limited to establish relisble correlations. Consid-
erable work must yet be done to place the design curves on a firmer and
wider basis. The design procedures established and trends of variation
determined from the data, however, should prove useful in compressor
blede~element design.
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APPERDIX

EQUATIONS FOR BLADE-ELEMENT EFFICIENCY
By definition, for a complete stage consisting of inlet gulde vanes,

rotor, and stator, the adisgbatic temperature-rise efficlency of the flow
along a stream surface is given by

r-1 ¥-1

e @O -
_ \Fi/st _ N\ ev\P1/r\F1 /s (AL)
1

From the developments of reference 26 (eq. (B8) in the reference), the
ebsolute total-pressure ratio #scross & blade row PZ/Pl can be related

to the relative total-pressure ratio across the blade row Pé/Pi accord~
ing to the relation

Py (Pé ) )
Pr
Pl id
where (Pé/Pi)id is the ideal (no loss) relative total-pressure ratio.

The relative total pressure 1s also referred to as the blede-row recovery
factor. For stationary blade rows, (i.e., inlet guide vanes and stators),
(Pé/Pi)id is equal to 1.0. For rotors, the ideal relative total-pressure

ratio (eq. (B4) of ref. 10) is given Dby

(51) (s T
p BT Ul '
=2 = A (TZ) (a2)

¥

e

-1
PR 1—32{_1‘_12]
(Pi)id_ R <r2> (#2)

in which Mq 1is equal to the ratio of the outlet element wheel speed to
the inlet relative stagnation velocity of sound (wrz/aé l), and (rl/rz)
>

)

2z
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is the ratio of inlet to outlet radius of the streamline across the blade

element.

(For a flow at constant radius (cylindrical flow), (Pé/Pi)

is equal to 1.0.) Thus, from equations (Al) arnd (A2),

id

Nad,sT =

(A4

For the rotor alone, the blade-element efficiency is gilven by

Tad,R =

r-1
P} x| T
(ﬁ)ﬂ <?3)T'1 .
P) T1
(ﬁsz,id
T
(e -

(A5)

From equation (B3) of reference 10, the loss coefficient of the
rotating blade row (based on inlet dynamic pressure) is given by

- ()

-

%)

l-(-:ET
x P1/ia

T

\

1= 1
L+ 53 o)

For any blade element, then, from equation (A48),

-1
2]

7

> (a8)

J
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Pt /P! J‘ =)
2 2 — 1 -
s =\lsr) -0 <4l - (47)
1 <Pl)id L I:l + L2 (M'l)Z]

The relatlons presented in equations (A4), (A5), and (A7) indicate
that four gquantities are reguired for the determination of the blade-
element efficiency across the rotor or stage- the rotor absolute total-
temperature ratio, the relative total-pressure-loss coefficient (based
on inlet dynamic pressure), the relative inlet Mach number, and the
ideal relative total-pressure ratio. Thus, the blade-element efficlen-
cies for a given stage veloclty diagram can be calculated if the loss
coefficients of the blade elements in the various blade rows can be
estimated. -

For simplicity in the efficiency-estimation pracedure, effects of ..
changes in radius across the blade row. can be assumed small (i.e., L
ry = rz), so that the ideal relative pressure ratlo is equal to unlty.

Then, equations (Aé) (AS), and (A7) become, respectively,

Y gt

(Pf)ev< (ZX_ @_f)s - (a8)

Nad, 8T )
-1
T )R
r-1
R
PE\ [To\'~1
PIR\T1/r s '
= = : _ (A9)

and

b T

P
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Y

) P3 _ 1 T-1
P_' =1 - 1- -1 12 (AlO)
1 1+ 5= (Ml)

For purposes of rapid calculation and preliminsry estimates, the
efficiency relatione are expressed 1n chart form in figures 24 to Z6.

?E The relation among relative recovery factor, blade-element loss coeffi-

> clent, and inlet Mach number (eq. (Al1O)) is presented im figure 24. A
chart for determining rotor blade-element efficiency from relative recov-
ery factor and ebsolute total-temperature ratic (eq. (A9)) is given in
figure 25. Lines of constant rotor absolute total-pressure ratio are
also included in the figure. Figure 26 presents the ratio of stage effi-
ciency to rotor efficiency for various stator or guide-vane recovery
factors. The ratio of stage efficiency to rotor efficiency is obtained
from equation (Al) in terms of rotor sbsolute total-pressure ratio as

Aq

S

- r-i

— P2\ /P2 P\ | ¥

& 0 ) \T ) A\ -1

. ad,sST _ 1/R 1/GV \"1/8

(A11)

t

Nad,R y-1

=
2\,
P1/r

The charts are used as follows: For known or estimated wvalues of
rotor total-pressure-loss coefficient o' and relative inlet Mach number

M{ of the element, the corresponding vslue of relative recovery factor
Pé/Pi is determined from figure 24. From the value of rotor-element

gbsolute totel-temperature ratio Tz/Tl (obtained from calculations of
the design veloecity diagram) and the value of (Pé/Pi) obtained from fig-

ure 24, the rotor-element efficiency is determined from figure 25. Rotor
gbsolute total-pressure ratio can alsoc be determined from the dashed
lines in figure 25.

If inlet gulde vanes and stators are present, the respective recov-
ery fasctors of each blede row are first obtained from figure 24. The
- product of the two recovery factors is then calculated and used in con-
Jjunction with the rotor sbsoclute total-pressure ratio in figure 26 to
- determine the ratio of stage efficlency to rotor efficiency. A simple
- miltiplication then yields the magnitude of the stage efficiency along
the element stream surface.

R
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The charts can also be used to determine gross or maess-averaged
efficiencies through the use of over-all loss terms. Furthermore, the
charts can be used. for the rapid determination of relative total-pressure-
loss coefficient from known values of efficlency, pressure ratio, and in-
let Mach number on an element or gross basis.
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Ce L1-90 06g¢
1 a - f 4
TABLE I. - DETAILS OF SINCGLE-STAGE ROTORS AND STATORS
Blrde|Depcription [Cuter Hub- Rotor Inlet Mach|Camber angle, Chord, Solidity, [Blade-chord | Blade maximum|Refer-
oW diameter, (tip tip spead, |number, g, deg o, in. () angls, v°, thicknenssa.- ance
in. ratio ft/sec Ll deg chord ratio,
t/a
Hub Tp | Hub [ mp Hubj Tip | Hub | ™D Hub | Tp
BSrSeries blade sectlon
1 Rotor 14 0,8 |552,828,994 |0.50-0.78 | 19.9 | 15.% | 1.3%1]1.%1(1.010|0.590 | %0.8{56.4 10 10 27
1104,1214 :
2 Jtator 14 .35 552,1i0i .26~ .75 | 30.1 | 30.1 | 1.31|1l.31| .e26| .820 | 19.5/48.9 10 10 28
3 Rotor 50 .80 | 504,672,840 | .36~ .70 | 30.1 | 30.1 | £.80(2.80]1.08 .808 | 28.8|43.9 10 10 29
4 Rator 14 B0 [ 1104,1214 .80~ .80 |'30.1 | 30.1 ] 1.31|1.311.010| .590 | 21.1|886.0 1Q 10 28
5 Rator 14 .50 | 567,743 | .39~ .72 | 30,1 | 3Q.) | 1.32|1.3)| .p62| .608 | 18,2(32.0 10 10 28
[ Stator 14 .32 | 371,557,745 .22~ .88 30.1 30.1 | 1.3141.31 | .9983| .83 16.2} 52.2 10 10 28
7 Rotor 14 B0 | 548 .55~ .66 | 40.0 | 3.9 | 1.31{1.31] .865{ .6CO | 21.0|58.0 10 10 27
8 Rotor 14 .80 | 552,828,1104| .30- .86 40.0 25.9 ( 1.31(1.31| .p55] .600 | 21.0|58.0 10 10 27
8 Rotor 14 .50 552,228,1104 .30- .76 | 40.0 | 23.9 | 1.31(1.31] .85G5{ .600 | 21.0|58.0 10 10 27
214
10 Stator 14 .05 | 412,617,823 .25~ .74 | 30.1 | 30,1 | 1.31|1.51 | .87Q| .587 | 15.1|3%9.8 10 10 28
11 Rotor 14 .80 | 688,755,858 .52- .75 | 45.2 | %4.1 | 1.36|1.35| .625| .692 | 21.4|35.4 § g =0
12 Rotor 14 .80 | 668,753,836 A8~ .75 45.2 | 54.1 | 1.36|1,38 1.12 543 21.4(35.4 6 6 30
13 Rotor 14 .80 | 888,755,838 40~ .75 | 45.2 | 34.1 | 1.35|1.35[1.69 |1.358 2).4(38.4 & 8 30
14 Rotor 14 .80 | 500,738,874 .50- .92 30.3 | 19.4 | )1.46(|1.82L.20 [1.20 42.5|48.8 10 8 i3
Ciroular-are blade sectlon
1s Rotar 14 0.4 | §00,800,1000/0,35-1.06 | 40.3 | 11.4 | 2.00|2.00[1.778|0.953 | 12.1| 48.7 8 5 al
. 1050 :
18 Rotor 18 5 600,7006800 ,58-1.07 28.3 7 1.5 |1.5 [1.63 [1.03 25.6| 48.3 10 § 32
500,1000
17 Rotor 14 5 600,860,900 .57-1.17 29.4 13.7 2.09|2.32 0.26 [1.04 23.0| 44.1 8 5 35
1000
18 Rotor 14 .5 | 800,300 .B5-1.12 | 29.4 | 15.7 | 2.09]|2.32| .85 | .86 25.0(44.1 8 5 33
19 Rotor 14 .5 | 600,900,1000| .50-1.22 | 235.1 4,3 | 1.50[/1.50 0.40 | .825 | 17.4{51.3 10 5 19
1120
2a Rotor 14 .5 | g00,800,1000| .4 - .82 | 25.1 4. 1.60|1.B00.40 | .625 | 17.4|51.5 10 5 18
1120
21 Stator 17.36 .82 | 600,800,500 | .41- .63 | 52.0 | 52,0 | 3.25|%5.,258 1.84 |1.07 1p.0710.0 7 7 34
22 Stator 17.36 .60 | 800,1000 .53- .68 | 20.8 | 20.0 | 2.68|3.25 [L.45 [1.08 34.0|28,0 8 8 9
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Compressor reference incidence angle minus cascade-rule Incldence angle, 1 -~ 1,.ps deg
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Figure 9. -~ Varilation of compreseor reference Incldence angle minus two-

dimensional-cascade-rule incidence angle with relative inlet Mach number
for NACA 65-(A;q)-series blade section.
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Compressor reference incidence angle minus cascade-rule incidence angle, ic - iz-n’ deg
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Compressor deviation angle minus cascade-rule deviation angle, 58 - 5;_]): deg
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CHAPTER VIIL

DESIGN VELOCITY DISTRIBUTION IN MERIDIONAL PLANE

By Charles C. Glameti, Jr., and Harold B. Finger

SUMMARY

A discussion is presented of the general f£low equations and methods
to be used in determining the radial distributions of flow in the me-
ridional (hub—to—tip) plane of an axial-flow compressor when the required
performance is speclfied. The problem of determining the radial distri-
butions of flow is simplified by considering conditions at axial stations
between blade rows where nonviscous, axisymmetric flow equations are
’ applied. The analysis presumes the avallability of blade-element data on
deviation angle and on stagnation-pressure lossg for all design techniques.
Methods for consldering the effects of wall boundary layers on required
annulus area and mass-averaged stage performance are presented. A sample
stage design calculation is given.

INTRODUCTION

The design of a multistage axisl-flow compressor consists in the
succesgive deslgn of several individual rotor and stator blade rows which
are then compounded to form the multistage compressor. As pointed out in
the general compressor design discussion of chapter III (ref. 1), the prob-
lem of blade-row design has been simplified by comnsidering the flow in each
of two planes, the hub-to-tip or meridional plane and the blade-to-blade or
circumferential plane. The meridional-plane solution determines the radi-
al distribution of flow conditions assuming that axial-symmetry conditions
apply, and the circumferential-plane solution determines the air-turning
characteristics through the blade element. A quasi-three-dimensional de-
scription of the actual flow is then obtained by Juxtaposition of these

two solutioms.

The results of experimental blade-to-blade investigations are de-
scribed in chapters VI and VII. These chapters present circumferentially
averaged blade-element performence characteristics as determined from two-
and three-dimensional cascades, respectively. The blade-element per-
formance is presented in terms of incidence angle, deviation angle, and
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stagnation-pressure loss as functions of cascade geomeiry, inlet Mach num-
ber, and (for three-dimensional cascades) radial position in the blade ~ “
TOW. .

The present chapter discusses the genersl flow equations and presents
methods to be used in determining the radial distributions of flow in the
meridional plane. . The problem of determining the radial distributions
of flow is simplified by considering conditions only at axlal stations
between blade rows. In these regions, equations for nonviscous axisym-
metric flow are appllied to determine the design flow dlstributions when
the required performance (weight flow and turning or energy addition) of
the blade row is specified.

3374

Since the calculation 1lnvolves the determination of the velocities
from the inner wall to the outer wall of the annular flow area, it is
apparent that some consideration must be given to the boundary-layer
accumulation on these walls. The most accurate and complete procedure
requires a knowledge of the distribution of entropy from wall to wall as
well as a knowledge of the rolor energy input across the entlre annulus
area including the boundary-layer reglon. " Since complete data for this
type of calculation are not currently avallable, simpler desilgn techniques
are required. Essentially, these simpler techniques involve computing =
the flow variables as 1f no wall boundary layer existed. Boundary-layer -
correction factors are then applied to determine the regquired geometric
annulus area and mass-averaged stage performance (efficlency, tempera- - -
ture rise, and pressure ratio). . .

Since the determination of the flow conditions and annulus area con-
figuration after each blade row in the compressor requlres solution of
the fundsmental flow equations, the first part of this chapter is concerned
with the development of the general flow equations. The assumptlions and
gimplifications that are made to permit solution of the egquations are
then discussed. The equations are applied to determine the design ve-
locity dilstribution in the merlidlonsl plane after a blade row. The nec-
essary boundary~layer correction factors are indicated. 1In addition,
the selection of design varlables is discussed. A numerical example is
then carried out with the eguatlons and methods presented.

SYMBOLS
The following symbols are used in this chapter:

Ap  frontal area, sq ft

a speed of sound, ft/sec SRR -
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4 curvature of meridional streamline, et~ L .
¢, specific heat at constant pressure, Btu/(1b)(°R)
D diffusion factor

#F  blade force acting on gas, 1b/1b

g acceleration due to gravity, 32.17 ft/sec2

H  total or stagnation enthalpy, Btu/lb

J mechanical equivalent of heat, 778.2 ft—lb/Btu
Kpx welght-flow blockage factor

Ké energy-eddition-correction factor

Kp pressure-correction factor

Kﬁ efficiency-correction factor

M Mach number

n polytropic compression exponent

P total or stagnation pressure, lb/sq ft

P static or stresm pressure, 1b/sq £t

Q external heat added to gas, Btu/(1b)(sec)

R gas constant, 53.35 £t-1b/(1b)(°R)

r radius, £t

radius of curvature of streamline in meridional plane, £t
S entropy, Btu/(1b)(°R)

T total or stagnation temperature, °R

£ static or stream temperature, °R

U rotor speed, ft/sec

u  internal energy, Btu/lb
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V  air velocity, ft/sec
w welght flow, lb/sec
A coordinate along axis, ft

B air angle, angle hetween alr velocity and axial direction,
deg

T ratio of specific heats

B ratio of total pressure to NACA standard sea-level pressure of
2116 1b/sq ft

&% boundary-layer displacement thickness, £t

[ angle between tangent to streamline projected on meridional plane
end axial direction, deg

| efficiency

6 ratio of totgl temperature to NACA standard sea-level tempera-
ture of 518.7° R

v kinematic viscosity, sq ft/sec

o density, 1lb-secZ/ft4

a solidity, ratioc aof chord. to spacing

T tinme

& viscous dissipation of energy, Btu/(cu fi)(sec)
L) work~done factor

I angular velocity of rotor, radians/sec
W total-pressure-loss coefficient
Subscripts:

a8 stagnation conditions

ad adiabatic

av  average

a design value neglecting wall boundary layer

3374
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h hub
i reference position, radial station where varlisbles are known
id ideal
m meridional
m.a. mass-averaged value
polytropic
R rotor
r radial direction
S stator
ST stage
t tip
Z axial direction
a,B,y, radial design stations at 10, 30, 50, 70, and 90 percent of
&,& blade height from tilp, respectively
e tangential direction
0 station ahead of guide vanes
1 station at rotor inlet
2 station at stator inlet
3 " station at stator exit
Superscript:

1

relative to rotor

STATEMENT OF DESIGN PROBLEM

Specification of Compressor Performence and Configuration Requirements

The design of the axial-flow compressor begins with the determina-
tion of the over-all performance specifications obtalined from the over-all
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engine and airplane requirements. In general, the engine inlet-air con-
ditions (pressure, temperature, and density), engine thrust, engine air
flow, turbine-inlet tempersature, and compressor pressure ratlio are fixed by
cycle and flight-plen snalyses such as are discussed in chapter II (ref.
1). The compressor-inlet hub-tip diameter ratio, the component tip dieme-
ters, the compressor rotational speed, the compressor-inlet axlal velocity,
and the compressor-discharge velocity are then determined considering the
compressor efficiency, turbine stresses, compressor stresses, performance
of the various components, engine weight, and engine space limitations in
the airplane. The interrelatlion of some of these factors (compresaor air
flow per unlt frontal area, compressor pressure ratlo, rotational speed,
turbine size, and turbine stresses) is discussed in reference 2. It
should be emphasized that a large number of compressor configurations are
possible for given over-all performance requirements. The cholce of a
given configuration is based on a compromlise among the variocus performance
and geometrlc parameters. This compromise depends in turn on the intended
use of the engine.

Flow and Geometry Condlitlons to Be Determined

The deslgn procedure involves an iterative solution of the flow
equations after each blade row. Thus, the flow conditions and hub and
tip diameter after the first blade row must be calculated from the known
inlet and the speclified design conditions. The blade-element loadings
and Mach numbers selected must be consistent with the attalnment of low
loss as indicated by the loss deta presented in chapters VI and VII. The
resulting flow must also be acceptable to the following blade row. After
a satisfactory solution for these conditlions has been found, the resulting
flow distribution after the blade row becomes the inlet condition for the
following row. The flow conditions and geometry of the second blade row
are then determined. The same procedure is repeated all through the
machine until the desired over-all pressure ratlo and discharge velocity

are obtalned.

When the flow conditions have been calculated after a given blade
row, the blade sections mgy be selected to give the desired slr turning or
the desired blade work. The incldence- gnd deviation-angle data correlated
in chepter VII may be used to assist In this selection. Some consideration
of off-design performance may be required in the selection of blading. In
addition, the loss correlations that are presented in chapter VII eneble
the designer to reestimate the originally assumed blade~element losses for
the particular blade configuration selected. These reestimated loss dsata
are then used to recalculate the flow dlstribution after the blade row
by the methods of the present chapter..
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GENERAT, EQUATIONS

The basic equations that apply to the general case of the flow of &
real compressible fluld through a turbomachine can be formulated from the
conservation laws of matter, momentum, and energy, along with the thermo-
dynamic equation of state. As pointed out in reference 3, these general
basic equations of the flow can be stated as follows:

The equation of state for a perfect gas:

P = gpRt (1)
The energy equation:
-1
Da Do — _ 2
The continuity equation:
3 —_
L +v- (V) =0 (3)
The Navier-Stokes egquation:
P-DLZl = g.?-%Vp +vE72(Tf) +% V(V-’V‘):I (4)

Basgic Assumptlons

The simplifying assumptlions usually made in the treatment of the
problem of flow through axial-flow compressors are as follows:

(l) The general flow equations are applied only to compute flow dis-~
tributions between blade rows where blade forces are nonexistent.

(2) The flow is assumed to be steady and axislly symmetric. The
theoretical significance of this assumption is discussed in chapter XIV
(ref. 4). However, when blade-elément dats including some of the effects
of unsteady ssymmetric flow conditions are used in cslculating the veloc-
ity distributions, the errors introduced by this assumption are expected
to be small. ’

(3) The local shearing effects of viscosity (between blade rows) are
neglected by dropping the viscosity terms in the flow equations. However,
the accumulated effects of upstream viscous action in increasing entropy
are considered by use of experimentally determined blhade-element
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performance. Empirical corrections are also made when required for wall
boundary-layer effects on required flow area and mass-averaged energy
addition and efficiency.

(4) Heat transfer i1s neglected.

Simplifled Flow Equations

As a result of the preceding assumptions and the use of the defini-
tion of entropy, the general flow eguations may be combined and restated
as follows:

Ja(By - Hy) = o[(xVg)p - (rVg)1] = (Wg)y - (UVg)y = Jacy(T, - )
(5)
V(o) = 0 (8)
JgVH = JgtVs + Vx{¥xV) (7)

Equation (5) relates the change in stagnation enthalpy along a
streamline at axial stations ahead of and behird a rotor blade row to
the change in angular momentum and the angular veloclty of the wheel.
Of course, the stagnation enthalpy is constant along & streamline passing
through a stator blade row if it is assumed that the heat trangfer from

streamline to streamline is negligible.

Equation (6) states the law of conservation of matter, which, for
application to compressor design, may be expressed as

T

t,1

Wl = Zn:g f ’ prZ,lrl d.rl = Wz (8)
Tn,1

This equation will be discussed in detall in a later section with refer-

ence to boundary-layer blockage corrections and with reference to applica-

tlon of the flow equations in the design procedure.
Equetion (7) is referred to as the equilibrium equation for the
fluid between the blade rows.
SOLUTIONS OF EQUILIBRIUM EQUATIONS
The equations presented in the preceding section may be solved in

peveral ways within the assumptions stated. Most of these solutiocns
differ only in the simplifications made in the equilibrium equation

(ea. (7)).
Je.
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Since the design methods presented here are concerned with finding
the radial variatlon of flow at a specified axial station, the radial
component of equation (7) is applicable. For the assumed axially symmet-
ric flow between blade rows, this component equation is

2
3T 3 ovVg Vg v, ov.
Teep Sy = e ot Vot + Va5 - Va3

(s)

As in the method of reference 5, it has generally been assumed 1n

design applicetions that the meridional velocity Vy = A/V2 + V2 is
given by the exial velocity V, and that 9V,./dz = O. Such a condition

(generally referred to as the "simplified-radial-equilibrium" condition)
has been successfully used In low-aspect-ratio and lightly loaded blade-
row designs. However, a less restricted design solution may be necessary
for high Mech number, highly loaded designs. Several analyses (refs. 3
and 6 to 9) have been made to determine the factors influencing the
meridionsl velocif{y dlstribution. The analysis of reference 3 considers
the effect of the radial motion resulting from velocity-distribution
changes through a blade row and evaluates the magnitude of thie effect

for several cases by assuming that the air flows through the compressor
elong sinusoidal streamlines. The analyses of references 6 and 7 for
incompressible flow also consider the effects of radial motlion due to
velocity-distribution changes through the compressor. These analyses
consider the effects of the velocity induced by the gradients in circuls-
tion or vorticity along the blade on the velocity distribution shead of
and behind the blade row. The procedure permits evaluation of the mutual
interference effects of blade rows in the multistage compressor. These
analyses neglect the radial motion due to the blade blockage resulting
from blade thickness variations. Reference 8 presents a simplified analy-
sls of the effect of the radial varilatlon of blade thickness on inlet ve-
locity and incildence-angle distributions. This analysis also assumes
axial symmetry but makes a correction in the flow continulty relation for
blade thickness. In general, the higher the inlet Mach number, the greater
the variation in the axlal velocity from hub to tip.

All the preceding investigations neglect the effects of gradients of
entropy on radial distributions of velocity and therefore are not directly
applicable in regions of high loss. Reference 9 applies experimental
data to determine the relative magnitudes of the effects on veloclity dis-
tributions of the entropy-gradient term for a wide variety of axial-flow-
compressor blade rows. Although vast differences generally exist in the
shapes of the veloclty distributions in the inlet and the outlet stages
of the multistage compressor, essentlally the same techniques (assuming
g knowledge of the entropy distribution across the annulus) can be used
to calculate the velocities. Consideration of the entropy gradients was
particularly necessary in the rear stages, where the accumulated effects



166 - R NACA RM E56B03a

of viscosity noticeably affected the velocity distribution. On the other
hand, the complete radial accelersation term appeared to be significant
for the highly loaded inlet stages lnvestigated, where the wall curva-
tures were large. -

The following discussion presents the various forms of the radial-
equilibrium equation that may be used In the compressor deslgn procedure.

Simplie-Radial-Equilibrium Equetion Neglecting Entropy Gradients

The simplest solution of the radiel-equilibrium equation (eq. (9)),
usually referred to as the “"simple-radial-eguilibrium solution,” has
been widely used 1ln compressor design. It is arrived at by assuming
(1) that the derivative of V, with respect to z is zero, and (2) that

the derivative of S with respect to r is zero. These assumptions are
made, of course, only at the fixed value of 2z. The resulting equation
is

Vv, v av
chpg-g=v9—5—§+?e+vz—3§ (10)

which is referred to herein ss the "isentropic-simple-radial-equilibrium"
or "isre" equation. In this case, "isentropic" refers simply to the con~
dition of radlally constant circumferentislly averaged entropy within the
space between blade rows outside the boundary layers. Thus, the entropy
of the flow may still change through the blade row.

Equation (10) may be integrated between any two radial positions in
the free-stream region of the annular flow area at an axial station be-
tween blade rows. For purposes of a design procedure, it is most con-
venient to integrate between some reference radius, at which the dependent
variebles are known or assumed, and the other radial positlons. The re-
sulting integrated form of the isre equation is

T
2 2 2 2 zvg
Vo - Vz,1 = 2edey (T - 7y) - (VG - Ve,i) - — ar (11)
T1
2

The radial variation of axial velocity or Vg - Vz,i at the blade-row

outlet i1s obtained by prescriblng either the stagnation-temperature or
tangential velocity distribution after the blade row. These two parame-
ters (stagnation temperature and tangential velocity) are related by equa-
tion (5) for the known flow conditions st the inlet of the blade row.

As will be shown later, the value of the reference axial velocilty Vz,i
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is assigned and the mass continuity condition is applied to determine the
required annulus area. For those cases in which the annulus area is
specified, the reference velocity is determined by epplication of the
continuity relation.

A series of charts is presented in chepter IX to permlt rapid so-
lution of equation (11).

Simple-Radial-Egullibrium Equation Consldering
Radial Gradients of Entropy

The major effect of upstream viscous action is manifested by an in-
crease in the entropy of the flow. The major effects of viscosity on the
axlal velocity distribution are, therefore, accounted for in the radial-
equilibrium equation through the use of the term involving the radial
gradients of entropy. Thus, the equation presented here 1s obtained from
equation (9) by assuming only that the derivative of the radial velocity

Vr with respect to the axilal distance =z 1is zero. Equation (9) then

becomes
dT 38 vy VG oV,
Jecp sz =Jdet o+ Vo 5z + 7 + V2 57 (12)
Equation (12), hereinafter referred to as the "nonisentropic-simple-

radisl-equilibrium" or "nisre" equetion, may be integrated between two
radial positions at an axial station between blade rows to give

r

. v2 a(ﬁ)
v2.v2 . =2gJe, (T-T,)- (VE-V2,)-2 '—edr—ZJgR b ==L gr
2" Vz,i “BYCp \E-l4/) - \Vg -Vg 3/ - e T . Sr
i i
(13)

The nisre equation can be solved in the same manner as the isre
equation, except that the entropy term must be evaluated. By the defini-
tion of stagnation conditions, stagnation entropy is identically equal to
static entropy at any given point. Therefore, the change in the entropy
along a streamline from the inlet to the outlet of a blade row may be
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expressed as

o8), - ), - oo| g "

In the deslgn procedure, the temperature ratid 1s assumed or is deter-
mined from a specified variation in tangential velocity by use of equa-
tion (5). The stagnation-pressure ratio may be related to the stagnation-
temperature ratio in terms of either a polytropic blade-element efficiency
Mps OT & stagnation-pressure-loss coefficient w.

When the polytropic efficlency or polytropic compression exponent
is used, the stagnation-pressure ratio 1s given by

ﬂpT n

—— ——
-

P T ot
T
2@ -@)

The blade-element data. of chapters VI and VII present ihe blade-
element loss in terms of . When these dats are used, it is more
convenient to express the stagnation-pressure ratio across the blade ™
element in terms of ), stagnation-temperature ratio, and inlet-air
Mach number relative to the blade element. The expression for pressure

ratlio is restated from chapter VII as

-1
P} P! -1
2 2 - -1 2
F=<I=T) _— 1-[1+—E—(Mi)] (16)
1 1744
where
X
T-1
2 2
(Eé) I S Effél_ 1 - 1
P1/1a 2 YeRTy rg

This equation holds for both rotor and stator when the appropriste in-
dices are used.
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The ideal relative pressure ratio (Pé/Pi)id can be taken equal to

1.0 for those cases in which the varistion in the streamline radius
across the rotor is negligible, a condition cobtained in high hub-tip
ratio or lightly loaded blade rows.

For convenience 1in the design procedure, any upstream statlion at
which the entropy is essentially constant radially - for example, the
compressor-inlet station O - is used as the reference station. There-
fore, the radial variation of entropy is, from equation (14),

T

€, L) &

3 = 5= qin
org  Orz F2

N Po

gl tn

(17)

The static temperature appearing iIn the second integral of equation
(13) can be expressed in terms of the velocity components and stagnation
temperature as follows:

t = JgC T - = - —= - - (18)

Jec D 5 "2 "2

P

For the simplified-radial-equilibrium solutions, the radiasl velocity
term is neglected in equation (18). In general, this V, component

can be neglected in the stages with high hub-tip ratio without introduc-
ing significant errors in static tempersture. TIn the stages with low
hub-tip ratio (where wall slopes may be large), however, V. may have to
be considered in this equation by estimating a streamline slope In the
meridional plane and expressing V, as & function of V, and this slope.

Radisl-Equilibrium Equation Considering Radial Accelerations

As pointed out in the previous discussions on the simple-radial-
equilibrium equations, high hub-tip radius ratio and lightly losded blade
rows have been successfully designed by assuming that the meridional ve-
locity VL 1s equal to the sxial velocity V, and that the gradient of

radial velocity V, =along the axial direction 1s zero. In this case,
the radial gradient of static pressure is

dp V%

& =P T
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However, for hlgh-aspect-ratio, highly lcaded stages, the effects
of streamline curvature become significant. In this case, the contribu-
tlon of the radial acceleration of the meridional velocity to the pressure
gradient in the radial directlon must be considered. The radial gradlent
of static pressure for this general case of curved streamline flow may be

stated as
Vg V2
dp =0 e & I COS €

dr E3 reg

where the angle & is the angle of the streamline with respect to the
axial direction, and 1, 1s the radius of curvature of the streamline.

An accurate determination of the radius of curvature of the stream-
line and the slope of the streamline (which determines the angle e)
requires & knowledge of the shape of the stresmline through the blade
row. The streamline configuration is a function of the annuler-passage
area varlatlon, the camber and thickness distribution of the blades in
the radial and axiasl directions, the blade forces exlsting within the
blade row, and the flow angles at inlet and discharge of the blade row.
Because the effects of radilaml acceleration have been small in conventional
subsonic-compressor designs, very little information is available con-
cerning the relative_ importance of each of these variasbles in determining
the effects of radial accelerations in the highly loaded designs now being
studled. The usefulness of several methods that have been proposed for
evaluating these radlal accelerations has, therefore, not yet been
established. - ’

Several analyses, such as the work of references 10 and 11, have
been applied to determine velocity distributions throughout the flow
field in high-solidity mixed-flow compressors and axlal-flow turbines.
These procedures require estimation of a streamline-orthogonal flow sys-
tem through the blade row. The distributlon of velocity along the or-
thogonal 1s then determined from the known inlet conditions, a mean air-
turning variation along each streamline, and a blade thickness varilation
along each streamline. Since this method requires estimation of the
streamlines as well ag a knowledge of the blade configuration, it 1ls ap-
parent that it becomes an iterative solution.

An approximate evaluation of the radial acceleration term is also
made in reference 3 by assuming the streamline shape to be sinusoidal.
A similar technigue for evalueting the effect of radlal accelerations is
applied In reference 12. The analysis of reference 3 further assumes
that the product of the radial velocity at a given axlal station between
blade rows and the axial gradient of axisl velocity 1s negligible and
that the slope of the streamlines at this axial station 1s zero. There-
fore, for the assumptions of reference 3, the last term (the redial-flow
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term) of equation (9) may be expressed as
oV
r

—z = €7,

Results obtained with this procedure are shown in reference 13 to agree
with results obtalned from the generasl three-dimensional-flow solution
described in reference 14 for a single-stage nontapered-passage
compressor.

In addition to the preceding analyses, which attempt to consider the
effects of the blades on the streamline configuration through the blade
row, several analyses, such as the work of references 15 to 17, present
methods of estimating the effects of radial velocity and curvature terms
from simplified calculations of the flow only between blade rows. In
these solutlions, & set of smooth streamlines is estimated through the
compressor stage on the basis of the velocities calculated between blade
rows. It is apparent that these methods do not consider the effects of
the blade thickness and camber distributions and the effects of the blade
forces on the streamline curvature.

In view of the present meager knowledge of the effects of the various
design parameters on the radial acceleration terms in the general flow
equations, it seems reasonable to use the simpler methods of accounting
for these effects as stop-gap deslign measures. In addition, it may be
desirable at the present time to try to alleviate the conditions leading
to large radisl accelerations. In the case of highly loaded designs
having high aspect ratios, one technique for reducing the effects of ra-
dial accelerations 1s to taper the tip of the compressor inward so that
the hub curvature 1s reduced. Definitive experimental end analytical work
is still required to evaluate the various techniques that have been sug-
gested for computing veloclty distributions including the effects of ra-
dial accelersgtions.

CONSIDERATION OF WALL BOUNDARY-LAYER EFFECTS

The equilibrium equations thet must be solved in determining the
meridional distribution of flow conditions between blade rows in the
axlal-flow machine were discussed 1n the preceding section. When the
simple-radial-equilibrium equations are suitable, a procedure similar to
the following is required to execute a blade-row design 1f the inlet con-
ditions are glven:

(1) The tip radius at the blade-row discharge is specified.
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(2) The axial and tangential velocities at the tip radius after the
blade row are assum&d. These values must be consistent with the con-
siderations for low losses and compatible with the requirements of the
following blade row. -

(3) The radial dlstribution of tangential velocity after the blade’
row 1is specified. _ _ -

(4) The radial distribution of energy addition in the blade row is
determined from the known inlet conditions and the specified distribution
of tangential velocity by use of equation (5).

(5) The radial distribution of loss and, therefore, entropy is as-
sumed based on blade-element data taken in a similar flow envirounment.

(6) The radiel distribution of axial velocity is calculated.

(7 The radial distributions of all other flow properties are
calculated. _—

(8) The continuity condition is used to calculate the hub radius from
the known tip radius and mass flow and the calculated distributions of
axial veloclity and density.

When the radial acceleration terms assoclated with streamline curva-
ture become significant, this procedure may be considered as an inltisl
step in the design system. It then becomes necessary to recalculate the
radial distributions of axial velocity and other flow properties (itema
(6) and (7)) and to determine a new bub radius (item (8)).

This technique is referred to as method I. The critical information
in this solutlon 1s the radlal distribution of loss or entropy from wall
to wall. Figure 1 illustrates a form of the entraopy distribution that
might be encountered after a blade row in a compressor. The large rise
in entropy at the end walls results from the losses in the wall boundary
layers. Across the major portion of the flow passage, the entropy varia-
tion is illustrated as being relatively smell. It must be emphasized that
(as indicated in ref. 9) some cases have been encountered where the
variation of entropy is large even in the main stream. In any case, the
"nonisentropic” equations can be applied to determine the velocity dis-
tribution even into the boundary layers 1f means of predicting the
entropy distribution are available. This procedure would be a direct
process near the tip, since the tip radius is specified. Near the hub,
however, the entropy and other flow properties could not be determined
untll after the hub radius is known. Therefore, 1lteration procedures
must be nsed near the hub for thig complete solution. The distribution of
flow properties and the annulus area determined from these procedures
then permit calculation of the mess-averaged energy addition, pressure
ratio, and efficiency for the stage.

3374



NACA EM ES6BO3a U 173

It is, of course, apperent that the determination of the entropy
distribution from wall to wall for all the possible design velocity dia-
grams, blade-row geometries, and locations in the multistage compressor
would require very extensive tests of many dlfferent compressors. Such
detailed information requires the analysis of much more multistage-
compressor datae than are currently available. Substitute techniques for
the determination of the annulus area after the blade row and the mass-
averaged efficlency, energy addition, and pressure ratio have therefore
been used.

One such technique (referred to in this report as method II) involves
dividing the flow passage into three parts, the tip boundary layer, the
mainstream region, and the hub boundary layer. In the process of solu-
tion of the equations, the wall boundary-layer regions are actually
treated as one region. The velocitles across the annulus are computed
by the previously itemized procedure assuming thaet no wall boundary lsyer
exists. The entropy distribution used in the determination of the ve-
locities is obtained from the blade-element loss date presented in chap-
ter VII. If, as is illustrated in figure 1, the entropy gradient is
small in the main stream, then the velocliy distribution may be computed
using the isre equation (eq. (10) or (11)). If the blade-element loss
data indicate a large varistion of entropy in the main stream, then the
nisre equation (eq. (12) or (13)) must be used to determine the velocity
distrlbutions.

The effects of the wall boundary layers on the required annulus area
end on the mass-averaged energy addition, pressure ratio, and efficiency
are determined in method II from the velocity distributions calculated
assuming appropriate “gross" correction factors and the absence of wall
boundary layers. Although the evaluation of these gross correction
factors will also require extensive compressor testing and analysis, it
is anticipated that the general correlations with veloclity-diagram pe-
rameters and enviromment may be more readily attainable than those for
the detalled entropy distributions in the boundary layers. In addition,
indications of the magnitudes of these gross correction factors may be
obtained from comparisons of design and measured velocities in the main-

stream region.

The general effects of wall boundary layers on rotor performance are
indicated in figure 2. This figure is an exemple of a design that has
been worked out for constant mass flow (fig. 2(a)) end energy addition
(fig. 2(b)) along the radius without considering the effect of the end-
wall boundary layers. The isre solution was used to determine the ve-
locities across the annulus from the specified energy addition (fig.
2(b)), assuming that the stagnation-pressure loss was constant along the
radius (fig. 2(c)) and that the effects of the wall boundary layers could
be neglected. TFor such a design, the conditions that might be measured
in the flow annulus when the mainstream flow conditions are the same as
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the design conditions are indicated by the dashed curves. It 1s apparent
thaet the integrated weight flow 1s less than the design weight flow and
the mass-averaged energy addition or temperature rise and the mass-
averaged pressure ratic may differ from the design value. The average
values of mass flow, temperature rise, and pressure ratio are indicated
on the figure as the dot-dash lines. Therefore, three correction factors
are requlred in method II to account for the presence of the wall bound-
ary layers. An gnnulus-ares correction must be applied to account for the
blockage effect of the wall boundary layer so0 as to ensure the attaimment
of the design weight flow; & temperature-rise factor must be applied to
calculate the mass-averaged energy addition Tor the blade row at this
design weight flow; &nd & pregfure-ratic factor must be applied to permit
calculation of the mass-averaged pressure ratio. .

Another system of correction that has been used extenslively involves
specifying the amnulus aréa and adjusting the axial velocity level across
the malnstream region by the continuity equation to ensure the attainment
of the design welght flow. Thils method of design and correction involves
principally a rearrangement of the previously enumerated design steps.
Other correction factors are still necessary to permit calculation of .the
massg-averaged energy addition and pressure ratio.

It must be emphasized that, in all the technigues described, the
velocities across the malnstream region of the annulus area and the sn-
nulus area geometry are calculated with blade-element loss or efficiency
data cbtained from stages operating in envirommental conditions similar
to those of the stage being designed. Such blade-element data, princi-
pally for inlet stages, are presented in chapter VII. -

For those cases where blade-element loss data are not avallable or
where a general design review of a large number of muliistage compressors
is required, & blade-row and stage mass-averaged efficiency may be assumed
to determine the total pressure at each blade element from the speclfied
energy addition. It is assumed in this spproach that the blade-element
efficiency is equal to the bladé-row mass-averaged efficiency. Although
this is admittedly not an exact approach, it has been found to give rea-
soneble deslgn accuracy and serves as an extremely useful tool, especially
as 8 first roughing-out step in the design procedure. Thils method is
referred to in the present report as method IIIL. It 1s described in de-
tall and applied through the use of charts in chspter IX. The method
usually assumes that the correction for determining mass-averaged energy
addition is negligible. A correctlon is required for wall boundary-layer
blockage in determining the annulus area.

The following discussion is concerned with the boundary-layer cor-
rection factors required in method II for the calculation of the annulus
geometry and the mass-averaged temperature rise and pressure ratio.
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Although only very limited amounts of blade-element dsta and boundary-
layer correction dats are avallable, it is felt that this method offers
the basis for an accurate design system.

Correction for Weight-Flow Blockage Factor

The correction.for weight-flow blockage factor is intended to ensure
the attainment of the design welght flow with the design velocity dis-
tribution over the maJjor portion of the anmulus area. Because of the
lack of extensive data on the boundary-layer characteristics in the com-
Pressor, an empirically obtained correction factor that ls applied as a
gross boundary-layer blockage factor has usually been applied. Although
this empirical correction factor leaves much to be desired, it has been
used successfully in design. This gross blockage factor is deslgnated
by Kpx end is defined by the following continuity equation:

3¢
Tr r r, -9
t t ™%
W = ng oV_ d(r?2) = K, ng oV_ a(r?)|. = ng oV_ a(r?)
A bk z d x Z a
r Ty Trp#dy

h
(19)

The subscript & refers to design values calculated across the annulus
as 1f no wall boundary layer were present. In essence, this gross block-
age factor involves the determination of the ideal (no boundary layer)
velocity distribution required to pass a flow greater than the design
flow. For a given value of tip radius, the hub radius is thus decreased
as Ky 1s decreased (or boundery-layer allowance is increased).

Very little useful data regarding the best values of blockage factor
are currently available from multistage-compressor investigaetlions. Ref-
erence 15 suggests values of 0.98 for inlet stages and 0.96 for all
others. Some single-stage date indicate blockage factors of 0.96 after
both rotor and stator. These blockage factors are not expected to be the
same for compressors differing in size, axial velocity diffusion, chord
length, and so forth.

Correction Factor for Stagnetion-Temperature Rlse

Besides oOccupying space and thereby affecting the weight flow, the
wall boundary lsyer causes the mass-averaged energy addition or
stagnation-temperature rise to differ from the design value when the main-
stream velocities are equal to the design values. Application of the
blockage-factor correction does not eliminate the need for the temperature-
rise or energy-addition factor in computing the mass-averaged temperature
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rise for the stage from the design velocitles. This temperature-rise or
energy-addition factor K, cah be defined by the following equation:

t,2 -
T
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It should be emphasized that the temperature-correctlon factor is
used only in calculating the mass-averaged energy addition once the design
veloclty distributlions and the annulus area geometry have been determined
in the design process. It does not Influence the design velocity dlagram
or the hub radius. :

(20}

In most cases, the temperature-rise-correction factor 1is assumed
equal to 1.0. However, analysis of limited date taken on the single-
stage rotor of reference 18 1ndicates that a value of 1.03 for the
temperature-rise-correction factor may be more reasonable. More exten-
sive and precise data are still required.

Correction Factor for Stagnation Pressure

_ In the design procedure, the value of the stagnation-pressure loss
® at any blade element in the malnstream region can be estimated from
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the velocity diagram by using the correlation of diffusion factor with
@ presented in chapter VII. This method tends to give a higher mass-
averaged value of stagnation pressure at a blade-row outlet and higher
mass-averaged efficlency than are actually achieved, since consideration
of the wall boundary layer is not completely included in the blade-
element data. Hence, a correctlon for the wall boundary layer must be
applied in determining the mass-averaged pressure ratio. Thils pressure-
ratio correction factor Kp can be defined by the following equation:

( t,2 VL
r-1 -1
Pz T
KpKpk P—l) -1 E’Vz d(rz)]z,d
Po Th,2
= - + 1.0}
1/p.a. t,2
e [ o, 2]
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Th,2
Kp 2
+,2
~[ﬁr [;vz d(rza 2,4
\ Th,2 J (21)

Limited data on the rotor with 0.4 hub-tip dlameter ratio deseribed
in reference 18 indicate that the value of Kp may be approximately 1.0
after a rotor. These data were taken from asn inlet-stage rotor where
wall boundary layers were small. Detalled data after stators are not yet
available.

A knowledge of phe mass-averaged temperature rise and the mass-
averaged pressure ratio permlts calculstion of the mass-aversged
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efficiency by the followlng equation:

-1

———

T
2 -1
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Mm.a. = (Té) (22)
== -1
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It is apparent that an efficlency correction similsr to the temperature-
rise- and pressure-ratio-correction factors may also be applied to deter-
mine the mass-averaged efficlency of a stage if the average efficiency
besed on the mainstresm velocities and blade-slement losses is known.
Thus, the average rotor efficlency is obtained by multiplying the effi-
ciency calculeted from the mainstream flow conditions by the efficlency-
correction factor. As a result of the correction factors determined from
the data of reference 18 for the temperature rise and the pressure

ratio, the efficiency correction Xy for the rotor was found to be

approximetely equal to Q.97.

Work-Done-Factor System

A boundary-layer correction procedure that hes been widely used by
British designers (refs. 19 to 21) includes the "work-done" factor, which
is used to estimate stage temperature rise from deslgn values of axial
velocity and air angles. In this case, the hub and tip radii of the blade
row are prescribed. For a given welght flow through the blade row, the
effect of the wall boundary layers is to increase the axlal veloclties
above the design values across the mainstream portion of the annulus and
to decrease the axial velocity near the end walls as shown in figure 3.
Because of the high values of velocity over the major portlon of the
annulus, the mass-averaged energy addition at the design flow is lower
than the design value (i.e., the low mass flow at the end walls does not
weight the temperature rise in this region enough to compensate for the
central-portion deficit in work), resulting in less "work done." Thus,
the actual stage temperature rise is lower than that predicted on the
bagis of the design values of velocity and air angles. The work-done
factor R 1is defined in reference 19 by the following relation:

cpJBAT = (UpV, » tan Bp - UpVy 1 ten Bile

where the flow parameters are the ideal values calculated assuming that
wall boundary layers do not exist.
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Although it was developed for designs with free-vortex velocity
dlagrems, the work-done factor has since been applied to other types of
diagrams. It 1s necessary in this system to set the blades (on the basis
of the design velocities) at an incidence angle higher than the optimum
value. The higher velocities actually obtained across the main stream
will then produce incidence angles close to the optimum vslues.

Thus, the design velocity and blade-angle distributions are set so
as to ensure that application of the work-done factor will result in the
desired energy addition. It is then usually assumed that the mgjor part
of the correction for boundery-layer blockage has been considered by
application of the work-done factor.

SELECTION OF DESIGN VARTABLES

The deslgn calculation of the multlistage-compressor blade rows re-
quires first the specification of certaln aserodynamic and geometric
characteristics. Among these are the inlet values of hub-tip radius
ratio, weight flow, and wheel speed; the variation through the compressor
of blade loading, axial veloclity, and tip diameters; and an additional
parameter specifying the radlal distribution of work or velocity in each
stage. Since the emphasis in alrcraft compressors is for high mass flow
per unit frontal area and high pressure ratio per stage, the discussion
of the selection of design variebles is slanted toward achieving these
goals.

The selection of design variables and the entlire design procedure
Involve an iteratlve process in which compromlses are necessary at each
step. The process can be shortened by using a quick approximate method
for the initial parts of the design and, after a rough outline of the
compressor is determined, using the more accurate methods to fix the
detalls of the compressor blading. Thus, a trial hub and tip contour for
the entire compressor can be obtained from the method that uses the isre
equation along wlth an assumed efficiency for the blade rows. The ma-
Jority of the necessary compromises can be made in this step, so that the
required performance is reasonably assured without exceeding specified
limitations on divers flow variables.

Velocity Diagrams

A general velocity diasgram for a fixed radlus is shown In figure 4.
In the past, many compressors have been designed to achieve a specific
type of velocity disgram st a given radius or given radil. A discussion
of the commonly used veloclty diegrams and their application in the de-
sign procedure is glven in references 3 and 22. The free-vortex diagram
has been widely used because of its simplicity and the accuracy with
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which flow distributions could be calculated for this type flow. Two-
dimensional blade-element considerations (which are now known to be
insufficient) showed that the symmetrical velocity diagram gave maximum -
blade-element-profile efficiency as well as high flow and stage pressure
ratio for a subsonic Mach pumber limit. Therefore, this type of diagram
8150 has been used extensively. As the varilous limitations of compres-
sors became better known, more freedom was taken In the type of velocity
diagram. With the advent of the transonic compressor and the removal of
the subsonic Mach number 1limit, the free-vortex design returned to promi-
nence for inlet stages. The absence of large gradients in outlet axisl
velocity with this type design facllitates the malintenance of recently
established loading limits and the achlevement of high pressure ratio.
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Experimental tests of axisl-flow compressors show that satisfactory
performance can be obtained for a wide range of velocity-diagram types
if the blade-loading and Mach number limits are not exceeded. Therefore,
present deslgn philosophy emphasizes the limitations as determined by
Mach number and diffusion factor rather than the specific veloclty dia-~
gram used. In general, an iterative procedure of specifying radial dis-
tribution of work (AH or AT) and checking all radial sections for
extremes In diffusion factor or Mach number 1s satisfactory. A specifi-
catlon of a velocity diagram may in some cases be desirable to systematlze -
the procedure or to utillze past experience. o -

Compressor-Inlet Conditions N

Inlet hub-tip radius ratio and axial velocity muist be specified to
satisfy the design weight-flow requirement, which is fixed by an engine
analysis. Flgure 5 presents curves of compressor weight flow per unlt
frontal ares against axial Mach number for constant values of hub-tip
radius ratio. It is epparent from this figure that welght flow per unit
frontal area increases wilth decreaslng hub-tip radius ratic and with in-
creasing axisl velocity (or Mach number). Reductlon in hub-tip ratio
below approximately 0.4 may be expected to result in sggraveted aerody-
namic as well as mechanicsl prcblems, thus glving diminishing returus.
For instance, the blaede-element-flow choking problem (M = 1.0 at throat)
at the compressor hub becomes more scute because of large fillets and
blade thicknesses, while blade fasiening may become difficult and blade
stresses may become high.

Figure 5 also 1llustrates that the value of weight flow per unit
frontal ares depends on the value of inlet axlial Mach number. However,
design velues of axlal Mach number are fixed (for any desired blade speed
and air prerotation) by the limiting relative inlet Mach number of the “
blade sections used in the inlet row. Thus, the relative inlet Mach num- -
ber becomes the important variable and willl be consldered here. -
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The limiting relative Mach mumber for conventlonsl subsonic blade
shapes and designs is usually set at 0.7 to 0.8; while, for transonic
blade shapes (thin blades with thin leading edges and solidity of the
order of 1.0), good efficiencies have been obtained at Mach numbers up
to 1.1 (ref. 23) and even higher. These limits are determined from loss
and efficiency considerations, which in turn may be affected by blade-row.
choking considerations, particularly at the compressor hub. An analysis
of the choking problem 1s presented for two-dimenslional cascades in ref-
erence 24. If a cascade analysis is applied to a compressor rotor and
does not indicate choking, there wlll probably be a bullt-in safety fac-
tor because of the advantage of the energy rise through the rotor.

In the past, inlet corotation has been used to reduce the relative
Mach number at the rotor inlet. Since compressors have been operated
efficiently at high values of relative inlet Mach number, the role of
inlet gulde vanes has become decreasingly Important 1ln compressor design.
However, the use of counterrotation inlet guide vanes to increase Mach
number at & given wheel speed for the attaimment of high stage pressure
ratio should not be overlooked when blade speed is otherwise limited. ~

Variation of Design Parameters through Compressor

Axisl veloclty. - In any compressor, values of axial velocity are
fixed at two axisl stations: at the compressor inlet by the weight flow
and hub-tip ratio, and at the compressor exit by compressor-discharge
diffuser and combustor-inlet regquirements. With the trend itoward higher
compressor-inlet wvelocities, fixed combustor requirements wlll necessitate
appreciable decreases in axlial velocity through the unit. Care must also
be taken that blade heights in the latter stages do not become s0 small
that end-wall boundary layers and blade tip clearances occupy & large
percentage of the passage and thus deterlorate performance. The exact
schedilling of axlal veloclty through the compressor will depend largely
on the individusal blade-row regquirements. Large axial velocity reductions
acroes any blade element are to be avolded if high efficlency 1ls desired.

Diffusion factor. - The diffusion factor, & blade-loading criterion
discussed in reference 25, 1s given by

vy AV

- 5T * 5T (23)
Vl Zch

D=1

The analysislof single-stage-compressor data in reference 25 lndicates
the following diffusion-factor limits for inlet stages: for the rotor
tip, D less than 0.4; for the rotor hub, D less than 0.8; for the sta-
tor, D less than 0.6. The varlgtion of limlting diffusion factor
through the compressor is not yet known. Although this blade-loading
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parameter (eq. (23)) is & good stop-gap, & more complete and general
loading criterion and a better correlation of loss with loading is still
required.

Efficiency. - The stage or blade-rcw efficiency, rather than the
blade-element loss, mey be used as & design parameter in certain design
procedures (e.g., method III). Experimental investigations of axial-
flow compressors indicate that, where blade-loading limits are not ex-
ceeded, the stage efficiencies remain at a relatively constant high
value. A slight decrease in efficiency in the rear stages of the com-
pressor has usually been atiributed to distortions of the radilal distri-
butions of veloclty in these blade rows. Also, the ratio of wetted area
to flow area is greater in the latter stages than in the inlet stage, so
that boundary-layer effects become more prominent. The design-speed peak
adiabatic efficlency for an inlet stage operating as a single-stage unit
is about 0.92. Of course, the assumed design efficlency will vary with
the performance requirements of pressure ratlio and welght flow and per-
haps with exial position in the compressor.

Boundary-layer characteristics. ~ Unfortunately, there is very little
informaetion from which the boundary-layer growth through a compressor can
be determined accurately beyond that mentioned in reference 15. Values
of correction factors used to account for boundary-leyer growth have been
given and discussed in the section on welght-flow blockage. Data obtained
from an 8-stage axial-flow compressor (ref. 26) indicate that the
boundary-layer thickness (expressed as a percent of blade height) re-
mained approximately constant through the last four stages near the de~
slgn welght flow. Although the boundary layer 1n the compressor of ref-
erence 26 was thicker then might be generally expected, these resulbts
support the choice of a constant value of Ktk through the latter stages

of an axlal-flow compressor. -

Physical Aspects

Physical considerations limit some compressor variables that affect
the aerodynamics of the flow. The shape of the compressor outer casing
is limited by restrictions on over-all size of the engine and accessories,
and & constant-tip-radius conflguration has been used 1n the past as a
good compromise between aerodynamic and weight considerations. The re-
quired decrease in annular area from inlet to outlet is then obtained by
gradually increasing the hub radius. Of course, other comblnations of
hub and tlp shapes may be desirable for specific applications; for exam-
ple, the section on radial-flow accelerations indicates that tapering the
tip casing at the compressor inlet msy be desirable to reduce hub-wall
curvature effects, if these are otherwilse detrimental.
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The value of the solidity used in each blade row may be varied
slightly to keep the blade loading (expressed for the present by the dif-
fusion factor) within certain limits. Reasonsble values of solildity for
the transonic compressors gppear to be in the order of 1.0 at the tip
section. Extremely low solidities lead to poor guidance and high losses,
while extremely high solldities lead to hub choking problems and high
losses. '

Although the tlp clearance us&d in & compressor design is usually
set by mechanical considerations, large effects of tip clearance on
aerodynamic performance have been noted 1n various compressor investiga-
tions. Some effects of blade tip clearance are discussed in reference
27, which reports that the smallest clearance used in the series of tests
gave the best rotor efficiency.

Off-Design Performence

In regard to compressor weight, 1t 1s desirable to select a design
for the minimm number of stages conslstent with good aerodynemic effi-
clency to achleve a specified over-all pressure ratio. Inasmuch as the
compressor must also have good acceleration characteristics, good high
£light Mach number performance, and & reasonable overspeed margin as well
as satisfactory design-point operation, the off-design operating charac-
teristics should be comnsidered when the stagewlse variation of blade
loading 1s chosen. Posslble means of determining the off-design operating
characteristics are given in chapter X. At compressor speeds gbove and
below design speed, the front and rear stages deviate considerably from
design angle of incidence, operasting over a range from choked flow to
stall (ref. 28). Therefore, 1t is important to prescribe blading and
velocity disgrams in the front and rear stages that will permit the at-
tainment of a large stall-free range of operation.

Considerstion of compressor-inlet flow distortions resulting from
inlet-diffuser boundary layers, ailrcraft flight at angle of attack, and
so forth, may also influence the stage deslgn selection, especially in
the inlet stages of the compressor.

APPLICATION OF EQUATIONS
Design Equations
The equations to be used in a deslign are grouped in table I for ease
of reference. They are either repeated or are directly derived from

equations in the previous sections. Additional relations are obtained
from the veloclty diagram such as is shown in flgure 4.
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Equations (D2b) (the isre solution) and (D3b) (the nisre solution)
for determining the axial veloclty variation along the radius are ob-
tained from equations (DZa) end (D3a) by evaluating the integrals by the
trapezoidal rule. [In addition, eqs. (17) and (18) or egs. (Dl2) end
(D13) (with the radial velocity equal to zero) are applied to derive eq.
(D3b) from eq. (D3a).] An accurate evaluation of the axial velocity
distribution by use of equations (D2b) and (D3b) requires that the ref-
erence radius be shifted from point to point. That is, the integration
is first carried out from the initial reference radius to an adjacent
radial station. The computed values of velocity at this adjacent radial
station are then used as the reference-point values to compute conditions
at the following radial station. Thus, the effect of any varistion of
entropy, tempersature, and tangentlal velocity on the axial velocliy dis-
tribution mey be accurately considered if enocugh radial stations are
specified across the arnulus ares.

Equation (D11) is a form of (D2a) for the special case of inlet
gulde vanes where the stagnation temperature is constant. This equation
is derived in reference 29. Equation (D1Ob) is an alternate form of the
diffusion-factor relation (eq. (Di0a)). A graphical solution of equation
(D10b) is presented in chapter. IX.

General Determination of Axlal Velocity Distribution

The design of the mulitistage compressor requires the solution of the
general flow equatlons after each blade row in the compressor. This sec-
tion is concerned with the methods of determining the velocity distribu-
tlons after the inlet guide vanes and rotor and stator blade rows.

For the case of no inlet guide vanes or for guide vanes that impose
a vortex turning distribution, it may be assumed for the iniltial design
trial that the axial velocity is constant along the radius at the inlet
to the first rotor row. For the case 0f compressors having inlet guide
vanes imparting a nonvortex turning distribution to the flow, the axiel
velocities at the ocutlet of the guide vanes or at the inlet to the first
rotor will vary with radius and must be computed. As indicated in the
previous discussion, the effects of streamline curvature may be suffi-
ciently large 1in certain cases to necessitate consideration of these ef-
fects in the calculatlon procedure. In the design procedure, corrections
for these curvature effects may be applied after the preliminary velocity
distributions and passage geometry have been specified.

After the flow conditions at the inlet to the rotor are determined,
the steps previously enumerated in the section on CONSIDERATION OF WALL
BOUNDARY-LAYER EFFECTS are used to determine the velocity distribution
and annmulus area geometry after the rotor. The design variables that
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must be specified for the first rotor are the tip radius at the rotor
discharge, the tangential and axisl velocity changes (based on blede-
loading considerations) across the critical blade element (usually the
tip) of the rotor, and the radial distributions of energy addition and
blade-element loss. The specification of these quantities completely
determines the flow parameters at the discharge of the blade row. Ap-
Plication of the blockage correction K, in the continuity equation

then permits the determination of the hub radius of the annular flow
passage after the rotor. A similar procedure is used to determine the
flow conditions after the following stator.

It is then necessary to review completely the preliminary design in
order to determine its critical and undesirable features with respect to
both the compressor performance and the performance of the other englne
components. For instance, it will be necessary to go through the design
brocedure again in order to correct for streamline-curvature effects, or
to improve the shape of the hub contour, or to revise the loss assump-
tlons made originally. A recalculation may also be required to change
the loading or Mach number level because certaln blade elements appear
to be too critically loaded. The blede sections msy then be determined
from the two-dimensional and snnular-cascdde dasta of chapters VI and VII
and the celculated design flow conditions.

Three methods discussed generally in the section on CONSIDERATION
OF WALI. BOUNDARY-LAYER ‘EFFECTS for determining the flow corditions in
the compressor are presented here to indicate the possible uses of the
available equations and data. In discussing these methods, it is as-
sumed that the compressor tip geometry and aerodynemic conditions are
knowvn (i.e., inlet and outlet tip radii, wheel speed, limiting-loading
parameter, and axial velocity ratio) and that inlet values for pressure,
temperature, welght flow, and velocity ere known. It 1s assumed that
the radial velocity terms may be neglected. The tangential velocity dis-
tribution is teken to be the prescribed outlet varisble. The values
selected are not to be considered as uniquely desirable values. They
are chosen merely to illustrate the methods of solution of the de-
sign equations. It should be emphasized that, once the preliminary
flow and geometry conditions are determined, it will be necessary
to review the design procedure to ensure the attainment of satisfac-
tory performance.

Method I

As pointed out previously, the solution of the flow equations by
method I assumes & complete knowledge of the radial varistions of energy
addltion or tangential velocity after the rotor as well as the radial
variation of entropy even into the wall boundary layers. Because of the
lack of sufficient date of this type, this method may not be generally
usable at the present time.
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The steps ltemized in the followling sectlons for application of
method I follow as closely as posslble the procedure enumerated in the

previous section.

Inlet guide vanes. -

(1) Tip radiue and hub-tip radius ratic at the discharge of the in-
let gulde vanes are specified.

(2) The desired welght flow is specified. This welght flow will be
used in the continuity equation t0o determine the magnitude of axial ve-
locity required.

(3) The radial distribution of tangential velocity is specified.
(Some restrictions on this are given in ref. 30.)

(4) The outlet stagnation temperature is equal to the inlet stagna-
tlon temperature and is constant radially.

(5) The radiel distribution of loss @ is assumed from wall to wall
on the basis of data obtalned from similsr blade sections. 'The radisl

distribution of outlet stagnation pressure is computed from equation (DSb).

(6) The radial variation of axial velocilty is computed from eguation
(D3b).

(7) The density variation along the radius is computed from equation
(D7).

(8) The magnitude of the axial veloclty 1s determined by trial-and-
error application of the continuity equation (eq. (D8)) with the blockage
factor Kypyx equal to 1.0. It should be emphasized that in this method

the velocities are calculated into the wall boundary layer so that addi-
tional boundary-layer corrections are unnecessary.

Rotor. -
(1) The tip radius at the rotor discharge is specified.

(2) The axial velocity at the tip radlus afier the rotor is specil-
fled. The tip tangential velocity after the rotor is then calculated

from equation (D10a) for a specified value of diffusion factor (consistent

wilth low loss or high efficiency) and an assumed tlp solidity.

(3) The radiasl distribution of tangential velocity after the rotor
is specified.

(4) The radial distribution of stagnation temperature after the rotor

is computed from equation (D1).

3374
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(5) The radiael distribution of loss from wall to wall is assumed
from the diffusion-factor - loss correlation of figure 6 (which is re-
plotted from ch. VII) and from data taken in the wall boundary layers.
The radial distribution of stagnation pressure after the rotor is cal-
culated from equation (D5a).

(6) The radial distribution of axial velocity is calculated from
equation (DSb) using the sgpecified tip axial velocity as the initial ref-
erence velocity VZ 1e e

)

(7) The rediel distribution of density is computed from equation
(D7).

(8) The hub radius after the rotor is determined from equastion (D8S)
with the blockage factor Ky egual to 1.0. If this hub radius causes a
shift in the streamline configuration from that used in the initial cal-
culation, it may be necessary to repeat thls procedure using the modified
streamline locations.

Stator. -

(1) The tip radius at the discharge of the stator blade row is
specifiled.

(2) The axial velocity and tangential velocity at the tip radius
after the stator are specified considering the effect of these values on
the losses and on the characteristlics that are desirable for the following
rotor row.

(3) The radial distribution of tangential velocity after the stator
ils specified.

(4) The radial variastion of stagnation temperature is assumed to be
the same after the stator as at the inlet to the stator.

(5) The radial distribution of loss from wall to wall is assumed from
boundary-layer data of similar stators and from the diffusiom-factor -
loss .correlation of chapter VII. The radlal distribution of stagnation
pressure 1s computed from equation (D5b).

(6) The radial distribution of axial velocity is computed from equa-
tion (D3b).

(7) The density variation along the radius is computed from equa-
tion (D7).

(8) The hub radius after the stator is determined from equation (D8)
with the blockage factor Kpx equal to 1.0.
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Method II

The essential difference between solution of the flow equations by
this method and solution by method I is that the flow distributlions are
computed using avallable blade-element data as if no wall boundary layers
were present. Appropriate correctlion factors for the effects of the wall
boundary layers are then applied. Specifically, the principal differ-
ences are in the evaluation of the losg distribution along the radius
(step (5) of method I) and in consideration of the wall boundary-layer
blockage factor in the flow-continulty condition (step (8) of method I).
The radial variation of loss for method II 1s determined from blade-
element conslderations alone and does not go into the wall boundary-
layer effecte. The blockage factor Kbk used in spplying the continuity

equation (D8) in method II is some value less than 1.0. As pointed out
ir reference 15, it_may vary from 0.98 to 0.96 through the compressor.
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The isre equation can also be used in this method for an initial ap-
proximation of the flow or for cases -in which the radial gradilents of en-
tropy are negligible. In these cases, equation (D2a) or (D2b) is used
in step (6) of method I. Equation (D11) may be used to compute the axial
velocity distribution for the case of blade rows having negligible radisl
gradients of stagnation temperature and pressure. In applying equation -
(D11), however, it is necessary to specify the flow-angle distribution .
after the blade row rather than the tangentlal velocity distribution.

Method II1

The principal difference between the solution by this method and
that by method II is in consideration of the blade-element loss. Rather
than estimating a blade-element loss ', an average rotor row efficiency
is assigned in this method. It 1s then assumed that the rotor blade-
element efficlency 1s equal to this average rotor efficiency. The stator
losses may then be considered by specifylng an sverage stage efflclency.
The stagnation pressure after the rotor and stator blades may then be
determined from the rotor and stage temperature ratios and the appropriate
efficiencles. The isre equation ((D2a) or (D2b)) is then used in calcu-
lating the velocity distribution after the blade row. A method very
similar to this one is presented in chapter IX, in which the solutlon
1s accomplished by the use of charts.

Remerks
It must be emphasized that the previcusly outlined calculatlons are -
to be considered as preliminary calculations. After the annulus area -
geometry is determined, it will be necessary to review and probably re-
calculate the deslign to determine the final flow conditions through the -

compressor.
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Naturally, other forme of these equations can lead to varilations in
the design procedure. It should be noted, however, that any variations
must use self-conslistent boundary-layer correction factors. Indiscrimi-
nate use of correction factors can lead to a design that is as poor as or
worse than one in which boundary-layer corrections are completely
neglected.

The radial velocity terms may be included in the methods presented
1f the streamline slope in the meridional plane is estimated. Thus, the
radiel veloclity is related to the axial velocity. This necessltates re-~
taining the radial velocity terms in equations (D7) and (D13).

Some secondary-flow effects may also be considered for certain specif-
ic cases in the design system. For instance, reference 30 presents a
method of considering the lnduced effects of the trailing vortex system
on the inlet-gulde-vane turning angle. Research on secondary-flow ef-
fects in annular cascades will no doubt eventually lesd to corrections
in the design system.

NUMERICAI. EXAMPLE

As an 1l1lustration of the design procedure of method IT discussed
previously, the design calculetlions for an inlet stage consisting of
inlet rotor and stator are presented here. The glven inlet conditions
are as follows:

Py = 2116 1b/sq £t 85,1 = 1116 ft/sec
(o]
. .
Vg,1 =0 %C = 35.0 (1b/sec)/sq £t

F
The following design varlables are selected:

Radial stations r_, T rY, Tas Tg at 10, 30, 50, 70, 90 percent of
passage depth.

MZ,l = 0.6 ’ VG,S =0 DR,S é 0.6
Mj o =1.1 DR,q = 0.35 Dg £ 0.6
Kpk = 0.98 Kp, Ke;, and Ky are not used.
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v r = 1.44 Tt
i) -
2,1/, a4 = 1.44 £t
(XZ 3) = 1.0 Ry = 10
z,2 a US,G. = 0.7
Values used for variocus constants are
g = 32.17 f£t/sec’ ‘¢, = 0.243 Btu/(1b)(°R)
J = 778.2 ft-1b/Btu R = 53.35 £t-1b/(1b)(°R)
T = 1.4

The value of inlet hub-tip radius ratlo is computed from the flow per
unit frontel ares, axial Mach number, and tip radius, as follows:

waAf6 1 35
BAp Kpx ~ 0.98

= 35.7 (lb/éec)/sq £t

From Mz,l’ w«/@/GAF, and figure 5, rh/rt = 0.377.

The actual weight flow is obtained from

= 2 =
AF,l = ﬂrl,t = 7.069 8q ft
Eilé _ZEAZE = =
52 AF,l =—F— = w = 247 Ib/sec

The conditions at the rotor tip design station o (lO percent of
pessage depth) are computed next. From 'Mz,l and reference 31,

a

1 - 0.9658
8a,1

a; = 1078 ft/sec

(1078)(0.8)

647 ft/sec

i

Ve,1 = 81Mz 1

' =. ' 1186 ft/sec
vl,m alMl,a /

(1078)(1.1)

]
i

]1/2

2
ve,l,m = [(Vi’m) - V§,1J¢ = 994 ft/sec

fg
Q
I
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U
1 — -1 1 — (o]
Bl,a = tan 7 ) = 56.9

= 1.0 V, 1 o = 647 ft/sec

N
-
=

vz,Z,m

The velue of B ~ is computed from equation (D10b) by epplication
2 - -
of the sppropriate chart (fig. 5 of ch. IX):

B! = 46.0°

—_— 1 —_
Vé,z,a = VZ,Z,& tan BZ,@ = 670 ft/sec

<
|

- t
0,2,a Uz,m VQ,Z}Q

= 297 ft/sec

The iteration procedure for the computation of the radiegl varlation
of gas state is started by selecting the inlet radilal stations. The
computation lineups and results for the velocity calculations using the
isre and nisre equations are shown in tables II(a) and (b), respectively,
where only the final results and final calculation lineups of the itera-
tion procedure are presented.

In these designs the variation of outlet tangential velocilty is
pPrescribed asg a function of Ty, 80 that an analytical integration of the

isre equation is possible. Of course, graphical or numerical procedures
mey also be used. This velocity distribution is

( - )
= 2 -
e,2 6,2,t r
’ 3G, Z,t

It should be emphasized that this distribution is chosen only to illus-
trate the design procedure for the general case where radial temperature
gradients are present and does not necessarily represent an optimum de-
sign condition. The isre equation (D2a) can then be directly integrated,

with the following result:

2 ) ) ) o
2,2 = Vz,2,1-+ 2895(Tp - Tp 4) (Vg,z Vg,z,i)
r
2 1 1 L 2 2
8V2 In - r, - r +s5({——Hrs -
G,Z,tl: r2,i _I'z}t ( 2 Z’i) 8 (rg t>( 2 Z,i):l
2
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where the o station is used as the initial reference station. All the
terms on the right side of equation (24) are known as functions of the
trial velues of rjp (rz depends on the selectlon of Ta2,% and T2,h

gince in this procedure the radial stations were chosen at stated per-
centages of the passage depth). The final value of r2,h is obtained

by the iteration procedure of steps 6 to 23 in table IZI(a). The weight
flow is computed numerically (e.g., by plotting (ZﬂKbkazrtr)z agalnst

(r/ry)s and carrying out a graphical integration).

In order to compute weight flow, density and, hence, stagnation pres-
sure must be calculated at the blade-row outlet. Stagnetion pressure can
be computed from stagnation temperature and the loss - veloclty-diagram
correlations presented in chapters VI and VII. The design chart (from
date presented in ch. VII) used here to relate stagnation-pressure loss to
velocity diagram is shown in figure 6. This chart 1s used in the design
procedure shown in teble II, while an explanation of its significance
1s given in chapter VII. Here (Pé/Pi)id is taken equal to 1.0, which

is exact for a constant-radius blade element.

The stator design is simpler than that for the rotor in this case,
slnce V6,3 is chosen to be zero; however, the basic approach is the

same. The isre equation becomes

2
z,5 = V?E,S,i + 2gJcp(Ts - Tz 4)

v
where again the o station is used as the initial reference station.
The stator curve in figure 6 is used for all radial stations.

The rotor and stator design using the nisre equation is carried out
with the same design conditions as prescribed for fthe design using the
isre equation. Thus steps 36 to 44 of table II(b) are the same as those
from 1 to 9. The method of computing the outlet axial veloclty is now
changed, since data from a previous approximation are used in the
solution. Here the f£inal results of the isre solutlion are used to ob-
tain the loss data for the initial nisre solution for outlet axial
velocity. This is an intermediate step for which the data are not
presented in the tables. The nisre equation for ocutlet sxial velocity
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for the assumed conditions is

V2

y-1d
z,2 [l * ST R (SZ,i - SZ)] = Vﬁ,z,i * ngcp(Tz - TZ,i) -

2 T2 T2~ T2,1 1 2 2
(Vg - V25 4) - V2 5 o |1n—2— - 2y 2.2
0,2 - Vo,2,1 6,2t |3 1 YI= (xz - 72,1
\

s o o ) ,
R [ER(Tz,i +Tp) - 5y (V%,Z,i $V2 VZ:Z:ii](SZ:i - 5)
(25)

where

To

Pz,1
P2

Equation (25) was obtained under the following restrictions: (1)
that V. = 0, and (2) that entropy and static temperature vary linearly

with radius in the interval of integration and thus the reference radius
is shifted from point to point, starting at o mnear the tip. This solu-
tion illustrates a mumerical solution of the equllibrium equation. The
remainder of this calculation for the rotor 1s the- same as that for the
isre case.

The loss estimates for the stator are made Initially from the isre
solution for the stator, and the entropy variation is computed from these
values. The stator veloclty-diagrem calculations then proceed as do the
rotor nisre calculstions, using the equation

-1 J '

J -1
T [SR(Ts,i + T3) - 55 Vz,z,ij(ss,i - 83)

(26)
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CONCLUDING REMARKS

The general flow equations that must be solved in the determination
of design velocity distributions and flow passage configuration in com-
pressors have been presented. In general, it is felt that more data are
required to accurately establlsh the boundary-leyer effects and correc-
tion factors on weight flow or annulus ares and average stage pressure
ratio and efficiency. It is expected, howeverJ that the boundary-layer
correction system dlscussed in this chapter will lead to a satisfactory
design approximation. - The need for concentrated analytical and experi-
mental work is indicated by the lack of safisfactorily evaliuated =alcula-
tlon procedures for determination of veloclty distributions where
streamline-curvature effects are large. In the high-performsance com-
pressors belng considered at the present time, accurate prediction of
design-point performance.masy not be possible until these curvature ef-
fects can be considered in the design procedure. For the time being,
these three-dimensiongl-flow rroblems may be alleviated by geometric
modifications of the hub and casing profile. It should be reemphasized
here that the compressor design procedure is a trial-and-error compromise
procedure. It 1s generally necessary to go through the design calcula-
tions a number of times before all elements of the compressor may be con-
sidered to be satisfactorily designed with respect to aerodynamic and
mechanlical considerations. : '
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TABLE II. - CALCULATION PROCEDURES .

(a) Using isre equations

Step| Parameter| Known, Procedure e 77 T Hadial position - o
deslgn ﬂ
condition -] B ¥ -] L3 b~

1 |ry/ey y vy pfry y = 0.377| Chooss 10, 30, 50, 70, 50 percent of passage depth 0.938| 0.823| 0.688| 0.564| 0.439
, B ;
2{0] =V} 4|Uy o = 1080 Ul.tirl/’l,t) ss4| @62 729| s98 485
38y v’,l - 647 tan’ (Vl'?,lfvz,l) . 56.91 53.1] 48.4( 42.8{ 35.7
sy l;v';’ 1 1)2]1/9 1188| 1078| e7s| aesi| | 797
'
5 |w] e, = 1078 7 e 1.100| 0.999| 0.304] 0.827]| 0.739
3 r2/r2’ o8 ™ 1.44 Ty lmom from preliminary design (step 1) ~ 0.950| 0.832| 0.720| 0.808| 0.496
1(ve,2 Vg,2,¢ = 263 Vo,2,t[2 - (x/ry)d) 297y 33| 62| 39| 42
8 |u, Uy ¢ ™ 1018 g, pr/re )2 967| 847) 33| 619f oS
8{T, =Ty |Ty'=s520.7 ST+ [(U Vg,2 ~ UV, 1)/;Jop] : 566 565 562 559 584
w0V, , Ve,0,a = 647 Eq. ( 4 ) €47| 640 627 612 800
, » .
1| Vh o v, - : 870 516f S71 225 79
,
12 By t-.a.n-1 (v& oVz,0) 4.0/ s8.9| s0.6| .2 7.5"
13|y - | Vg, of008 ﬁ' 932! m22] 28] 52| @05
14 [ ag,2 8g,1 = MIE  _ |8, 1(1-2/\:1)’/2 ' . 1165| 1165| 1162{ 1158[ 1153
15 | My Vy/8q,2 and ref. 31 : 0.635| 0.644} 0.849| 0.555] 0.568
18 | My MoV 0.830| 0.735| 0.653( 0.587| 0.548
17 jo g =10 ab(rl t + Ty gi/Ty + xp) 1.00| 1.18| 1.34] 1.61f 2.02
18 | D 1- (Va/v 1 + (avy/2¢ Vi) 0.351] 0.377| 0.380| 0.391] 0.3A0
19 |=" D', cos ﬂ2/2¢1; and fig. 6 0.0754 |0.036% |0.0406 [0.0448|0.0489
20 [(p/P*)p M) and ref. 31 0.636( 0.699| 0.751| 0.792| c.m& «
-rJT- o . .
T2 - P2
21 | P/Py ey 1 -3 (1 -7 1.5201 1.335| 1.513] 1.2684] 1.8
N -
. @, e E.FI .
z -
22 |gpp g!%; 6. - —Q:E,_.—pqz’—> 0.0764{0.076%|0.0758 (0.0744[0.072%
.0 :
23 lw Ky = 0.98 28Kpra, o (p¥rdy dlry/ry ) 247
o
t'2
24 :-.,,/x-3 ¢ T3, 6 = L4 ry ) Imown from preliminary design (mtep 1) 0.850{ 0.838| 0.730| 0.822} 0.514
. B s v
- 2 - 2 '
2 |V, 5 = Y5|V2 5,0 = Va,2,0 [vz 5,1+ 2o (Ty T5’11] 647 637 sel2| 576 524
26 | My 8g,2 = 2,3 Vs/8a, 3 and ref. 31 0.5675) 0.564 | 0.527] 0.498| Q.455
27 | e oy = 0.7 "t(rz,t. + T3, g}/ (rg + r3) 0.700{ 0.796| 0.917]3.08 1.32
28 | D 1 - (Va/Vo) + (aVg/20V5) . ,0.389| 0.405)| 0.427| 0.458| 0.9%07
29 |o D, 2q, and fig. & ’ 0.0182]0.0223 [0.0275 |0.0546 |0.0301
30 | (p/P)s3 My snd ref. 31 0.800| 0.806 | 0.818[ 0.5837| o.a62
P
51 | Ps/Py 1-o (1 - 7‘:—) 0.996| 0.958| 0.995] 0.994| 0.993
1
s % T -
32 wro \l - mgres 0.0788 [0.0800 |0.0800 {0.07853|0.0798
&3 3 ( p 3)
.0
35 | 2rFyiy, & (pvpr)y dlrgfrg ) - 247
Ty'rels
34 | P3/Pp 1.32( 1.35[ 1.31| 1.28[ 1.2¢
¥l
AN Ts s '
35 |Maa a7 0y - -1 0.895! 0.948 | 0.944 | 0.940] 0.920
1
(Tg/Ty )ay Mass-average Ty/T) 1.083
(P.'/Pllav Hass-average P3/P1 1.29 .
Nag, av Mass-average Tlgy gr . . 0.832)
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TABLE II. - Concluded. CALCULATION PROCEDURES
(b) Using nisre equations

|Stepr Parametery Known Procedure Radial position

! des

H condition . a B v [} €

i 56| ryfry | T1,n/TL,t (Step 1) 0.9358| 0.813} 0.888] 0.564| 0.439

[ 37 |4y = Vé,l 'Jl,t = 1060 tirl/rl |__} 994 as2 729 598 465

I 33| B4 "'z,l - 647 (v§ 1/'7",1) 56.9| 535.1| 48.4] 42.8! 35.7
39| [, 1 +0,1) ]1/2 118s| 1078| 75| ssr| 787

40 Mf a; = 1078 vi/8y 1.100| ©.999| 0.s04] 0.817| 0.738

. 41 ra/ralt Ta,t = 1.44 T2,h imosm from preliminary design 0.y50[ 0.858| 0.750| 0.622| 0.514

. 42| Vg2 Vg,2,¢ = 263 A 2_';[2 - Qf'%)z] 297 329 359 380 420

’ 43 | Uy U ¢ = 1018 Up, ¢{ra/Ta t) 967 853 T4 633 523

’ 44 | Ty, = Ty |T; = 518.7 T, + [(uzv, 2 ~ Up¥e, 1)/chp] 566 585 563 559 555

[ : T2, )7 |

-] - S ¥

| a5 ‘_e'll_T—z"Pa known from | I 2 J ——-| 1.009| 0.988| 0.981} 0.974

K R previous trial 2,12

; 46 | Vg o Vy,2,a = 647 Eq. (25) 647 662 652 640 628

| 4T | V) o Ty, - ¥ o 670 524 384 243 103

»
-1
' .

E 48 | B} an (vé’szﬁz) 46.0| 38.4| 30.5| 20.8 9.3
49 |2q,2 ag,1 = 1116 aa,1(T3/P1) 1166} 116S5| 1162] 1159} 1154
50 | M, Vyleg o and ref. 31 0.635] 0.662| 0.669| 0.675| 0.685
S1 | M3 HQVé/V 0.850} 0.756 0.680]| 0.617| 0.577
521¢ s =1.0 ap(ry ¢ + T, /ey + T3 1.0f 1.14| 1.335| 1.59( 1.98

l S35 | Dt 1 - (vz/v )+ (A79/2671) 0.351) 0.353| 0.358| 0.3%]| o.316
54 | & D!, cos B4/20, &nd fig. 6 0.0754[0.0350[0.0571]|0.0409 |0.0422
s5 | {(p/P*)a M) and ref. 31 0.636( 0.685| 0.734] 0.774] 0.798

¥-I pzv

! 56 | By/Py 2y [ - & (1-1-5,_'1 1.320[ 1.332| 1.316| 1.290] 1.256

7.
Py V2t V8,2 i
57 | &gpp FT; 1- _!EJ'c—'r;'_ 0.0764}0.0761(0.0750|0.0738}0.0719
B
.0
58 [w Kpy = 0.98 mbk“z,b (pVzr)o d(rz/rz,t) 247
r',')2 .
59 r3/r3 & Ty = 1.44 ry ) known from preliminary design 0.950 0.844| 0.740] 0.636| 0.532
,
’ tstep 1)
_ ! .
83 4 - 33 1
60 | —X=or—|P; Imown from -pT' ——---]0.0152 [0.0005 |0.0000 [-0.0004
RJ 3 ) 5,173
previcus trial
6L |{Vp 5 = VgV, o o = 647 Eq. {26} 647 658 638 606 558
] »3,
62 | M3 8,2 = 2,5 Vs/a, 3 &nd ref. 51 0.573] 0.584| 0.586| 0.538] 0.496
63 |o Gy = 0.7 ,'_(r + Ty g/ + rs) 0.700| 0.791| o0.905| 1.057| 1.272
64 |D 1 - (v5/72) + (A79/2av 0.330] 0.391] 0.410| 0.438] 0.480
65 @ D, 20, and rig. & 0.0182]0.0206 {0.0253 |0.0317 |0.0445
66 [(p/PF)y and ref. 31 0.8005| 0.794| 0.804| 0.822| 0.845
67 [Ps/Pp 1 -o {1 - ;5;) 0.9964 |0.9958 |0.9951 |0.9941 |0.9931
1
66 = 1~ v 0.0788 [0.0792 |0.0791 |0.0792]0.0791
123 ooy m—rc,, 3 . . . . .
.G
89 |w 2xKy s tf psv ,57s tfl(r:’/x'3 t) 247
r.
5,1/}
70 [Px/Py y 1.315 |1.327 |1.309 [1.282 [1.247
7 |Ngq,sT (;—) -1 ( - ) 0.895 [0.947 [0.946 [0.940 [0.932
(T.'/Tl)av Maps-average 1.090
(Pz/F1)av Mass-averags P3/P1 1.30
Mag, av Mass-average T,q ST 0.936
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CHAPTER IX
CHART PROCEDURES FOR DESIGN VELOCITY DISTRIBUTION

By Arthur A. Medeiros and Betty Jane Hood

v8ge

SUMMARY

A series of charts for the solution of the flow equations used in
the design of axigl-flow compressors is developed. The equatioms, which
are presented in chart form, are radial equilibrium (in a simplified
form), continuity of flow, energy addition, efficiency, vector rela-
tions, and diffusion factor.

Because the chearts are based on genersl flow equations, they can be
used in the design of any axial-flow compressor. An example of the use
of the cherts in the design of & stage consisting of a rotor and stator
blade row is presented. Comparison of the pertinent design values ob-

- tained by the chart procedure with analytically calculated values indi-
cates that good accursascy can be attained by careful use of the charts. '

INTRODUCTION

The over-all design requirements of alr flow and pressure ratio for
the compressor component of a gas-turbine engine are generally determined
on the basis of a cycle analysis for the particular application of the
engine. For many present-day aircraft applications, an axlel-flow com-
pressor 1s selected because of its high efficiency and high flow per unilt
frontal area.

The general geometry of the compressor, such as the tip diameter,
blade speed, inlet and discharge axlal velocities, end inlet and discharge
areas, is determined by conslderatioh not only of the compressor but elso
of the combustor and turbine components of the englne. The selection of
inlet axial veloclty, compressor blade speed, and inlet hub end tip diam-
eters involves a compromise among high weight flow per unit frontal
area (low hub-tip diameter ratio end high axial velocity), high stage
pressure ratio (high blade speed), and reasonsble turbine blade stresses
(low blade speed, low axial veloclty, and high hub-tip diameter ratio).
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The magnitudes of the axial velocity and blade egpeed must also be compra-
mised on the basis of the effects of the resultant Maech number on blade-
section efficiency. Compressor blade stresses, other than vibratory
stresses, play only a smaell. part in this compromise. The factors affect-
ing these conelderations are discussed more completely in chapter II
(ref. 1) and in reference 2.

Other compromises mist be made in the compressor design in addition
to the inlet configuration. The compresscr-discharge veloclty must be
adjusted on the basis of compressor diffuser and combustor-inlet require-
ments. Low compressor-discharge axial velocities are favorsble with re-
spect to combustor efficiency; however, high axlal velocities are desira-
ble through the. compressor for attaining high stage pressure ratios and .
hence decreasing compressor weight. With the inlet and discharge sxial
velocities selected, it is then necessary to prescribe a stagewise varia-
tion in the axial velocities and blade-leoading limits such that a resson-
able hub shape is obtained.

Another varisble that must be dealt with is the radial distribution
of tangential velocities. Not a great deal of information 1s availlsble
on the over-all desirebility of the various radial distributions of ve-
locity diagrams, so that, for the most part, the choice is & metter of
experience with some particular distribution. _

It is obvious, then, that, with this wide selection of combinations
of axial and radial distributions of velocities and the compromises re-
quired because of the factors affeeting aerodynamic performance, weight,
and mechanicel reliability of the. various coumporients, meny compressor
configurations are possible to meet the given over-all design require-
ments. Some preliminary design calculations are therefore necessary be-
fore a final compressor configuration is selected..

Each of these preliminary design calculations requires the solution’
of the fundsmental flow equations dfter each blade row. The gpplication

detail in chapter VIII." However, the complete design procedure presented
in chapter VIII would bhe very time-consuming 1f used for the purpose of
design evalunetions. It is desirsble to put the fundamental flow equa-
tions applicable to compressor design in simple and esslly used chart
form.

Another reason for. simplifying the compressor design procedure for
certain gpplications is-the iterative nasture of the complete design pro- .
cedure, The i1teration is a result of the mutual interrelstlon between
the calculation of the radial distribution of velocities, the passage
shape of the compressor, and .the selection of blading to achleve the radial
distributions of velocity. TFor example, the axial velocity distribution
after any blade row 1s a function not only of the radial distribution of
tangentlial velocities but also of the energy gradient and the gradient

3384
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of losses. However, the tangential velocities (or energy) and losses are
functions of the blading and the angular setting of the blading with re-
spect to the flow. The general procedure is 1o prescribe the desired
radial distribution of tangential velocity or energy and assume & loss at
each radisl station at which the axial velocity is to be calculated. The
calculation .of the axial veloclty to satisfy the radial-equilibrium condi-
tion completes the vector disgram, and it is then possible to select blad-
ing on the basis of data such as that presented in chapters VI and VII. At
this point, the losses for the selected blade section can be obtained from
blede-element datas and checked agsinst the assumed losses. If the assumed
and calculated losses are sufficiently different, the entire calculation
mist be repeated with new assumed values of losses.

Streamline curvature, particularly in stages with low hub-tip diame-
ter ratios and high pressure ratios, will affect the radisl distribution
of axial velocity. Some of the factors that control the streamline curva-
ture and methods of analytically correcting for the effect on axial veloc-
ity are discussed in chapter VIII and in references 3 to 7. It is obvious
that the hub and tip diameter variation through the cémpressor will greatly
influence the streamiine shape. Therefore, a preliminary design calcula-
tion is necessary to determine the approximate passage shape varistion be-
fore streamline-curvature corrections to the axisl velocity can be made.
For this reason, also, it 1s.advantageous to have the preliminary design
procedure in easily used chart form.

This chapter develops and presents a chart procedure for the design of
exial-flow compressors using any consistent set of assumed design values
and velocity distributions. The radial-equilibrium equstion (in simpli-
fied form), the continuity equation, the energy-sddition and efficiency
equations, vector relations, and the diffusion-factor equation (see ref.

8) are presented in graph form.

The method can be used for msking preliminary design calculations
to determine the compresesor configuration to meet given over-all perform- -
ance requirements with any given set of aerodynamic limitations such as
Mach number and blede-loading levels. It can alsd be used as the first
step in a complete design procedure to determine initial velocity diagrams
and passage shape veristions. An intelligent estimate of losses in the
blading and streamline curvatures due to the walls can then be made, so
that iterations in the complete design procedure can be minimized or elim-
inated. When the corrections to the design due to entropy gradients and
streamline curvatures are expected to be small, the charts can bhe used
for finael design calculations, provided, of course, that they are used
with care and judgment. An exemple of the use of the cherts in the de-
sign of an axial-flow compressor stage is presented herein, and the re-
sults of the graphical procedure are compared for sccuracy with analyti-
cally calculated values.
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SYMBOLS
The following symbols are used in thils chapter:
area, sq £t
speed of sound, ft/sec

speed of sound based on stagnation conditions, ft/sec

2 2
C + VZ - VZ,i’

(ft/sec)2
ZchP(Ti - T), (ft/sec)2
specific heat at constant pressure, 0.243 Btu/(1b)(°R)

diffusion factor

blade force acting on gas, 1b
scceleration due to gravity, 32.17 ft/sec?
total or sitagnatiom enthalpy, Btu/1b
mechenical equivalent of heat, 778.2 ft-1b/Btu
welght-flow blockage factor

Mach number

total or stagnation pressure, 1b/sq ft
static or stream pressure, lb/sq £t

"gas constant, 53.35 ft-1b/(1b)(CR)

radius, ft

entropy, Btu/(1b)(°R)

total ar stagnation tempersture, °r

static or stream temperature, °r

rotar speed, ft/sec

air veloeity, ft/sec

3384
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W weight flow, 1b/sec

z coordinate along axis, Tt

B air angie, angle between alr velocity and axial direction, deg
Y ratio of specific heats, 1.4

5 ratic of total pressure to NACA standard see-level pressure of

2116 1b/sq ft

——

Tag adiabatic efficiency

e ratio of total temperature to NACA standard sea—level temperature
of 518.7° R

o density, lb-secZ/rt%

a solidity, ratio of chord to spacing

w angular velocity of rotor, radians/sec

» total-pressure-loss coefficlent

Subscripts:

an annulus

av average

b radial station midway between tip and mesn

c radial station midway between mean and hub

F frontal

h hub

i reference position, radial station where variables are known

k continuity value, value corrected For boundary-lasyer blockage

A local value of flow per unit annulus area

m mean

R rotor
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r radial direction
S stator

8l NACA standard sea-level conditions

t tip

z axial direction

6 tangential direction

1 station at inlet to rotor blade row at equispaced distences across
annulius

2 station at exlt of rotor blade row at equispaced digtances from

tip to assumed hub

za station &t exit of rotor blade row at equlspaced distances across
anmulus

3a station at exit of stator blade row at equlspaced distances across
annulus

Superscript:

' relative to rotor

DESIGN EQUATIONS
The flow equations applicable to compressor design are discussed in
detall in chapters III (ref. 1) and VIII. These equations, in the form
usually used in compressor design, are as follows:

Radial equilibrium:

JE dg Vg o(xVy) oV, vy
g =frtet gt 5ty -5 (1)
Continuity:
T
Wy = Zbek\I\ pgVr cos B dr (2)
X
h

ZTRL
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Energy addition:

gJep(T2 - T1) = o(rgVg,2 - r1Ve,1) =UsVg 2 - UiVg,1 (3)

Adigbatic temperature-rise efficiency:

-1
P
(_é) - 1.0
Pl .
Ngd = T, ' (4)
— - 1.0
T
Diffusion factor:
V! AV]
2 e
D=1« =+ ST : (5)
1 1
State: T
R P = pgRt (6)
Mach number:
M= ——-z——— (7)

In addition to these are the trigonometric relations equating veloc-
ities and flow angles, and the adiabatic relations eguating the static
and stagnation values of pressure and temperature. The adisbatic relas-
tions, as function of Mach number, are presented in. tsbular form in ref-
erence 9.

Equations (6) snd (7) can be handled conveniently by using readily
computed stagnetion conditions, instead of static conditions, and using
the te&bles of reference 9; therefore, no charts are deemed necessary to
determine state conditions and Mach numbers. Charts for the solution of
equations (1) to (5) and the vector relations sre presented herein.
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FORMULATION OF CHARTS
Radizal Equilibrium

In order to calculate the vector disgrams for an axial-flow turbo-
machine, it 1s necessary to satisfy the radial-equilibrium condition
given as equation (1). For the purpose of prelimlnary design analyses
and, in some instances, even for the final design procedure, it is possi-
ble to simplify the equation.

Inasmuch as the equation is usually applied between blade rows, the
blade force term & is zero. If the entropy gradient J8/dr i3 mesumed
zero and the streamline curvature is assumed small so thet the change in
radial velocity in the axisl direction BVr/Bz can be neglected, equa-

tion (1) can be written

2
3 Ve VgoVg V0V,
gJ r - T + or + ar (8)

Equation (8) is the isentropic simplified-radlal-equilibrium equation
that ie widely used in the design of axial-flow compressors and will be
put in chart form.

Integration of equation (8) between any radiue r and the radius
at which all values are known ry glves the following:
it 22 2 2 2 . 2
AL Vg,1 - Vg Vz,1 - ¥z
- = . . 2 2
gI(H; - H) N - or + 5 + 5 (9)

If the absolute tangential velocity Vg 1s expressed analytically as a

function of radius r, the integral in equation (9) can be evaluated sna-
lytically and the equation solved for any desired variable. However, it
is sometimes impossible or undesirable to use & distribution of tangen-
tial velocity that makes equation (9) convenient to apply.

If it is assumed that Vg/r 1s linear with respect to r over the

interval r: - r, equation (9) can be written

i

V5 vz
2gdey(Ty =~ T) + V5 - V2 4 = <?>.+? (rgy - ¥) + V5 4 - V5 (10)
L
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With & rearrangement of terms, equation (10) becomes

2 .2 2 2

2gJey(Ty = T) +Vz - Vz 5 _ Vs s (V6 \ r
2 =2 |1 2 + r 2 T (11)

Vg, 1 Vg,1 Vo,1 1

Equation (11) is presented in graph form in figure 1. In the first quad-
rant, the tangential velocity ratio Ve/Ve,i is plotted against the

right side of equation .(11) with the radius ratio r/ri as s parameter.
Then, with Ve,i ag g8 pasrameter in the second quadrant, the numerstor of

the left side of equation (11) appears as the sgbscissa. Therefore, if
the tangentisl velocities are known at two radii, use of the first two
quadrants of figure 1 will glve a value for

2 _ y2
2gdep(Ty = T) +V; - VZ 3 =B

If the radial interval is sufficiently close for the approximation of
linearity between Vg/r and r, the value of B will be that requlred
to satisfy isentropic simplified radial equilibrium between radial sta-

tions r; end r. For convenience, let
ZchP(Ti - T) =12,170(Ty - T) =C (12)
Then
VE-VE1=B-C (13)

The third quadrant of figure 1 is a plot of B - C against V,
with vz,i as the parameter. The abscissa of quadrants IT and III,

then, represents two values, depending on which quadrant is being used.
When used with the second quadrant, its value is B; when used with the
third quadrant, its value is B - C. If the temperature gradient is
known, C can be calculated by the use of equation (12). This value is
subtracted from the value of B, determined by use of the first two quad-
rants of figure 1, and the difference (B - C) is used as the abscissa of
the third quadrant together with the known valune of axial velocity Vz,i

to determine the value of axial veloeity V, at radius r.

Although the use of figure 1 has been discussed on the basis of
known tangentlal veloclties and temperatures at &ll radii and solving
for the axial velocities, it is obvious that the chart can also be used

AR
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with other assumptions. For example, the axial velocities and tempera-

tures can be assumed at all radii and the tangential velocity assumed at -
one radius. The tangential veloclty regquired to satisfy radial equillib- "
rium at all other radii can then be obteined from the chart. In other

words, figure 1 may be used to determine any Ilndependent varisgble of '

equation (11).

The accuracy of the method of utilizing figure 1 is limited only by
the assumption of linearlty of V%/r with respect to radius. For wheel-

type rotation, for example, Vg/r .1s linesr with radius; therefore, good

3384

accuracy can be expected regardless of the size of the interval ry - T.
However, with nonlinesr radial variations of Vg/r, the accuracy of the

results obtained from figure 1 will depend on the interval used. For
this reason, & small radisl interval 1s recommended.

In order to 1llustrate the effect of the radial interval on the ac- -
curacy of the results of figure 1, axisl veloéities were read using 3
and 7 radlasl positions. An arbitrary, nonlinear radisl distribution of

Vg/r was assumed. The distribution of tengential velocity is a combil-
nation of constant, wheel, and vortex rotations. The assumptions and

results are as follows: i -
- .
Vg = 2400 - 900 = - 900 — .
I‘t r
Th , ar
?-E = O.5j VZ,'b = 4505 E =0
I | Vg|Calculated | 3~Point chert |7-Point chart
Ty v, procedure procedure
v, Percent |V, Percent
error error
1.0|600 450 450 —-——— 450 -——
.21590 538 - -——— 536 0.4
.8]555 638 ——— -——— 636 .3
.751525 691 683 1.2 691 0
71484 744 -_— -—— 743 .L
.6 (360 846 - -—— 844 .2 -
.51150 g2l 810 1.2 921 0 -
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As the teble shows, even wlth the lerger radial interval the errors in
axlial velocity are only 1.2 percent; however, with the 7-radial-position
procedure, the error is reduced to a meximum of 0.4 percent. It should
be noted that the radlial intervals used in the 7-position procedure are
not all equispaced; an extra position was used at r/rt = 0.75. The
error in the region of this smallest interval was 0.l percent. Thus,
extremely good accuracy can be obtained by the use of the radial-
equilibrium chart, even with nonlinear distributions of Ve/r, if small

redial intervals are used.

Continulty

Another condition that mmst be satisfled, 1n addition to the radial-
equilibrium condition, is continuity of flow:

r

t

W = 23Ky pgVr cos B dr (2)
h

The use of the boundery-layer blockage factor Kpyx in compressor design
is discussed in chapter VIII. ZFrom the equations of state and Mach number
and the adisbatic relations, the following equations can be obtained:

-

-1
_ P T -1l ,2 r

and

V=a, <1> - —MV/reRT (15)

ca 1+T—,;lM2

Substituting equations (14) and (15) into the continuity equation (2)
produces the following expression:

T
t
= 27Kp) yyg PM cos B —y) r dr (18)

- 217
JEE (1 + "Tl MZ) T

Th
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Writing equation (16) in terms of equivalent weight flow,
ntr
rYg P Mcos B
(F-A@>k = 27Ky L r dr (17)

o T+1

a(r-1
. =1 .2
I‘h 8'87, (l + T M )

The part of the integrand in brackets is the local value (value at radius
r) of equivalent weight flow per unit annulus area:

(18)

W‘\/§ _ Y8 Ps'[, M cos B
BA - T+1

)Z_('r_—ﬂ

an
r=1 .2
aS-L (l + —z— M

The first quadrant of figure 2 is a plot of equation (18). The
local value of equivalent flow per unit annulus area 18 plotted against
absolute resultant Mach number for constant values of gbsolute flow
angle. Local values of equivalent flow per unlt annulus erea can be
determined from flgure 2 for all radil at which the vector diasgrams have
been determined; then, the continuity value of equation (17) becomes

T

(42), =z N ’ <‘-’A@)z r ar (19)

S] Shgny

The integral can be evaluated by a graphical or mathematical procedure,
and elther the continulty value of equivalent flow, the tip radius, or
the hub. radius cen be celculated, depending on which conditions are

given.

If the radial gradient of (wA/6/8A,,); is smell, sufficient accu-
racy in evaluating the integral can be gttalined by using either an ar-
ithmetlic average or the mesn-radius value of local equivalent flow per

unit annulus areas. This, of course, means that the hub and tip diame- "
ters must elther be known or assumed. The continuity value of the flow

per unit annulus area then becomes

The annulue ares of the compressor in terms of the frontal area and hub-
tip radius rgtlo is given by

3384
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e - (2]

wa/6 K (gA 0
aa [1 i G%)Z] an /i ,av
or
2 (D), (2)

w - (@]

Equation (22) is plotted in the second quadrant of figure 2, with
w“VG/SAan as the ordinate, w1/9/5AF as the gbscissa, and rh/rt as the

parameter. After determining values of (w4/6/8A,,); at all radii at
which the vector diagrams have been calculated, (wq/G/&Aan)k is computed

from equation (20). Then this value is used in the second quadrant to
find the value of rh/rt for a given value of WA/EVSAF. If the specif-

ic weight flow w4/6/8Ap is specified at one axial station (1), the
value at any other axial station (2) is obtained as follows:

()
T
1
av

; (25)

()2
Py av r‘b,l

where (Tp/T1),, &nd (Pp/P1)y, are arithmetically averaged values across
the snnulus. :

BAp SAp

5 6>2= ME)

[N

If the value of hub-tip raedius ratio determined by this procedure is
greatly different from the value assumed for the purpose of averaging the
local values of flow per unit annulus area in equation (20) and the tem-
perature and pressure ratio in equation (23), it will be necessary to
repeat the procedure with a nevw assumed radius ratio.
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By proper use of figure 2 and equations (20) and (23), the conti-
nuity requirement, with any consistent set of assumptions, can be met.
Use of the charts and equatlons is shown in a spec1f1c example later in
this chapter.

Energy Addition and Efficiency

The energy addition across a rotor blade element is a function of
both the change in -tangential veloeity and in blade speed across the
blade row. The magnitude of the energy addition is given by Euler's
equation as ' " o

gJep(Tp - T3) = UgVg, 2 - U1Vp,1 (3)
or

chP(T2 - T -V (24)

1) = U Vg,p = Vg 1) + Vg 5(U; - Uy)

Solving equetion (24) for the temperature ratio TZ/T across the
blade element gives - ~ - _ _ )

Tz U1(Vg, 2 - Vg,1) + Vg 2(Uz - Uy)
Tl ch'.pTl

or, by using equivalent veloclties,

Uy AVg <Ve 2) ( AU )
T2 Ve1/ \Vo1 ¥o1/ \ W&
/= 1.0 + . + _ (25)
where _
&g = Vg,2 - Vg,1
and

AU = U2 - Ul =(D(I’z - I'l)

The last term on the right side of equation (25) is the contributlon to
the temperature ratio of the change in radius across the blade element;
therefore, if the design is carried out on cylindrical stream surfaces

(r; = rz), equation (25) can be used in the followlng form:

;3384
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_UL |4
Ty " \AV6, _'g/“el
- = 1.0 + = (26)
1 €JCs1g1

Equation (26) is plotted in quedrant I of figure 3 with TZ/Tl as a
function of AV./4/6, for constant values of Ul/4/el.

If there is a change in streamline radius across the blade element,
figure 3 can still be used directly to determine the temperature ratio
because of the change in tangential velocity. The contribution to the
temperature ratio of the change in radius across the blade element can
be obtained either by calculating the last term of equation (25) or by
obtaining it from the chart, and adding this value to the temperature
ratic previously obtalned from the chart result based on Ui/ﬁ/el and

Aﬁe/qle . In order to use the chart for obtalning the last term of equa-
tion (25) the sbscissa is considered as AU/«/Gl and the parameter as
Ve’z/q/el. The ordinate will then be the value of the last term of egua-

tion (25) plus 1; therefore, 1 should be subtracted from this value be-
fore it 1s added to the first two terms of equation (25).

The chart can also be used for asny change in radius 1f either Ve,l
or Ve,z 1s zero. If Ve,l = 0, then U =T, ang AVg = Va,zi and,
if VG,Z = 0, then U =U; and AVy = VG,l'

The second quadrant of figure 3 gives pressure ratio as & function
of temperature ratio and adigbatic temperature-rise efficiency. The re-
lation is as follows:

P
P T -
f,;-?:' = [}lad (% - l.O) + l.;} (27)

In compressor design 1t may be more desirsble to specify a velue of rela-
tive pressure-~loss coefflclent ® instesd of a blade-element efficiency.
A discusslion of the relstive pressure-loss coefficlent and its use in
compressor design can be found in chapters VI and VII. If a relative
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pressure-loss coefficient is used, the adisbatic temperature-rise effi-
clency can be obtained from the following expression:

r-1
LN 7
T—
— 1.0
1.0 - .
R 10 + L1 (u))2
T2 _ e 2 1.0
= (1.0 - - .
1 pat——
2 )t
- U 1
1.0+ X (2 2) 1.0 - —>}
2 a,l T2
nad = T y
2
m - l-o

(28)

Vector Relations

The constant use of the relations between velocitles and angles in
the compressor velocity diagram waerrants a chart regardless of the sim-
plicity of application. Construction of the chart can be illustrated by

inspecting the followlng two relations:

VZ + V5 = V2 (28)

gnd

Vg =V, tan B (30)

From equation (29) it can be seen that, if V, and Vg ere used as rec-

tilinear coordinates, constant values of V will be concentric circles
with Vg =V, = 0 as a center. Using the same coordinates, a plot of

equation (30) would produce a family of straight lines going through the
origin (Vg =V, = 0). The angle between these lines and the V, axis

would be equal to the value of .B.

Such a vector chart is shown in figure 4 with Vg as the abscissa
and Vg as the ordinate. OCbviously, relative values of the velocities
and flow angle can also be used in the chart. Further, the coordinates
can represent Mach numbers if the decimal point is changed for the val-

ues appearing in both axes.

Diffusion Factor

A blade-element-loading criterion for axlal-flow compressors is
developed in reference 8. The application of this loading criterion to
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blade elements in cascades and in compressors is presented in chapters
VI and VII. The loading criterion, or diffusion factor, in the form
usually applied is given by the following expressions:

Vé Ayé
D=1-V{+§;v—, (31)

The diffusion factor can be used in two ways in compressor design:

(1) wWith the vector diagrams known, the diffuslon factor is computed
and the energy losses across the blade element are estimated from data
such as presented in chapters VI and VIIX; or (2) a limiting value of
diffusion factor is prescribed and the conditions required to satisfy
the assumed diffusion factor for given inlet or outlet conditions are
calculated.

Although equation (31) is in satisfactory form for the first of these
purposes, 1t is not directly applicable for the second purpose. In order
to put equation (31) in a form that caen be used to determine conditions
for a prescribed diffusion factor, 1t can be written in terms of flow an-
gles and axlal velocilties:

VZ,Z cos Bl Vz,l tan Bl - VZ,Z tan Bz
1-D= - ST cos By
Vz, cos Bo z,1
In the aspplication of this equation, flow sngles are always taken rela-
tive to the blade row under consideration.

A rearrangement of terms produces the following expression:

(L -D) , tar By} Vg2 o tan Bp
[cos By + 2 - Vz:l cos Bo + 2 (32)

Equation (32) is readily adapteble to chart form. The terms in brackets
on both sides of the equation are identical with B substituted for

B and ol - D) substituted for o; therefore, a single family of
curves can be used to represent each functlon inside the brackets. The
ratio of the two functions will be equal to the axial velaocity ratio
across the blade row. In oxder to simplify the expression, let

_g(1 -D)  tan By
X == By +—3 (33)
and )
tan B
g 2
¥= cos Pg T2 (34)
Then,
Vz,2 X
<2 - = (35)
Vé,l Y
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Figure 5 is a plot of X as a function of f; for constant values of
o(1l - D). The same family of curves represents Y as a function of B2
for constant values of o. Figure 5 and equation (35) can be used for™
the solution of equation (32) for any desired parameter. The use of fig-
ure S to compute diffusion factor with the velocity diagrams known and to
compute the discharge flow angle for given diffusion factor, inlet con-
ditions, and axial velocity ratio, 1s shown in the following example.

EXAMPIE

The procedure in using the charts is best illustrated by an example
of the design of an axial~-flow-compressor stage. The stage design assump-
tlons were made so that they would provide a stringent case for the charts
and also to illustrate as many uses of the charts as possible. The axlal
and radial station designations and a typlcal vectar diagram are shown in
Tigures 6 and 7, respectively. The design agsumptions and calculation
procedure are as follows. S

Campute the vector diagrams, pressure ratio, temperature ratio, Mach
number, and diffusion factor at five equispaced radial positions and the
passage shape for an axial-flow-compressor stage consisting of rotor and
stator blade row to meet the following specifications:

Assumed design parameters:

Parametér Design value | Parameﬁér -Désign value
(w4/6/84p)1 35.0 (1b/sec)/sq ft at/dr 12° R/t _
My 1 0.6 DR, 4 0.35
My 1.2 - Dk n <0.8
Tl 1.50 ft g, n < 0.8
Tt,2 = T, 28 l.42 Tt OR,t 1.0
Ty, 38 1.41 £t o, ¢ 0.7
(Vz,Z/vz,l)t 1.1 : Kpk 0.98
(vz,Sa/vz,Ba)t 1.0 Og 0.02
Vo,1 = Vg,38s 0 Ty =Ty | 518.7° R
Tad, R 0.92 P, = P_, | 2116 1b/sq £t

Blade chords comstant from hub to-tip o - -
.

3384
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Calculated design parsmeters:

az7

wE

B

‘F_/
Lo

Mz,l = 0.6, By =0, and fig. 2

ZV2) R
Kbk(aAan)Z,l (0.53) (41.6)

(ggﬁg) =-40.8, (gﬁlé- = 35.0,
X,1 7

and fig. 2
Th
ry,1 <?E)1 - (1.5)(0.578)
M = 0.6 and ref. 9

a —
8,1 <3£>1 = (1116)(0.9658)

8y My 3 = (1078)(0.6)
M . = (1078)(1.2
a, M; , = (2078)(1.2)
V,,1 = 647, Vi ;| = 1294, and fig. 4

1.0 (1.00 ~ 0.35)

R, % 1 - Dg, 4) = 0.65, ﬁt 1 = 60,
and fig. 5

\'7 2.16
X _ELE) S—
Vz,l £ 1.1

Parameter Procedure Value
Ap.1 arf 1 = x(1.5)2 7.069 sq £t
= (35)(7.069) 247 1b/sec
( 5 )1 (EAF )1 fF,1 /

41.6 (Ib/sec)/sq £t

40.8 (1b/sec)/sq £t

0.378

0.567 ft
0.9858
1078 ft/sec

847 ft/sec

1294 ft/sec

1120 ft/sec
60°

0.65

2.16
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Calculated design parameters - concluded:
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Parameter Procedure Value
- . _ o
B 2 ¥ =1.96, op , = 1.0, and fig. 5 46.3
v
v v 222} = (847)(1.1) 712 ft/sec
z,t,2 2,1\V, T/t
1 —_— —
Vé,t,z} Voot,2 = 712, Bl 2 = 46.3, 744 ft//sec
1028 ft/sec
t,2 and fig. 4
U U 2y . (1120) ($22 1060 ft/se
k2 ©1\T A T T.50 e
Vo,6,2 =N ¢ = avy Ug,p = Vo g,z = 1080 - 744 316 f£t/sec
T U AV
(T%) 522 _ 1080, —2% = 316, 4/6; = 1.0,|1.1061
1/t CH /61
and fig., 3
P2 T .
5 ) ), = 1.1061, fy4 g = 0.92, 1.386
and fig. 3
T
= 518,7 (1.1081 - 1.0) 55,03° R
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Vector-diagram calculation: E
Btep| Perameter | ZXnown design Procedure Redial position £2
condition
Tip b Mean c Hub g
1l ry Ty, = 1.50 1,500 1.267 1.034 0.800 0.567 H
o = 0-567 &
O
2| UL = V4,1 | Uy, =120 (rUt) 1120 D48 772 597 423 3
rt,l = 1.50 I‘t 1
3 V1 Vv, | =647 V. 12 Uy, end fig. 4 1294 1144 1006 a79 772
ol e ’ 60.0 85.6 50.0 42.7 35,1
By
5| M & = 1078 v 1.200 1.061 0.833 0.815 0.718
&/1
61, T, 5 = 142 1.420 1,207 0.994 0.780 0.587
]
.58
rh,2=rh,1=0 567
71| AT ATy = 55,03 am 55,058 52.47 49.92 47.35 44.79
ay | (&) e
&) =12
8|, Ty = 518.7 AT 1.1061 1.1012 1.0982 1.0813 1.0864
T oo
9 U, Uy, p = 1060 A 1080 901 742 562 423
r, o= 1.48 -ITt_ 2
)
10| avg 61 = 1.0 Uy Tp 316 355 409 496 845
——=V5 2 —= 5 =ad fig. 3
"/91 ! :\/61 1
11 | Py Ned, g = 0-92 To 1.586 1.366 1.3468 1.326 1.308
—_— ! —
Py iy MNaa,R and fig. 3 g




Step | Parsmeter Known design Procedure Radial poeltion
condltion
Tip b Mean c Hub
12| [r r\ _[tm\ | ----- 0.85 0.82 0.78 0.73
) il o
2 2 2
13| /v, Vo Vou\ | - 1.123 1.152 1.213 1.300
Voo Example at b ) - V,_' ' ,
8,1 2 8,1 2 '8, 2 :
» .
: : : L | y :
108 X105 5
14 B ve’) (Z) ) Vo g, medptg 1| T 0.012x108 | 0.02x10% | 0.025%10° | 0.050x10%
Ve, 1/ \ri)y T .
Cp 12,170 (a2 - &) | --eee- 0.031x108 | 0.081x108 | 0.031x106 | Q.031X108
S 7 - 107 { =0 6 |.g. & . =]
18 (g2 Vg,ﬂa (® - Clp o.a19%108 |-g.010x108 |-0.008x108 | 0 @sx10
71V, 2 V4,2 = T2 (v2 - VE,:I.)Z’ Vy,2,1¢ 80d fig. 1 712 &08 688 A3 698
18 15 5 (W - v, T44 548 333 88 -2228
18 [V V, 5 V§ oy and Tig. 4 ; 1028 883 783 ) 732
1 ! ’ : ! 46.3 38.2 25.8 7.0 -17,8
20 By L ; :
21 |vy V2,27 Ve,z; and fig. 4 ! 778 780. 800 BAG 849
2z |o 23.8 27.0 30.6 36.0 42.7
2 :
23 (ﬂla) a, ; = 1116 V2 .| 0.6828 0.868L 0.6547 0.723L | . .D.8159
]
2 o .
sa,l [==
I
24 (M, _v_) and ref. 9 0.694 0.698 0.719 0.784 0.878
*s/z
3 L] r [

e

0ge
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Step | Paremeter Known design Procedurs Radial position E
candition -
Iip b Mean ] Hub 4
25 (w ) My, Bp, and fig. 2 4l.2 40.2 39.3 3.8 35.8 %
)
Aan 1,2 y
26 | (w+/8 Kk = 0.98 Kbk(“' {9) 40.4 3.4 38.5 57.0 55.1
3A., Man/1,2
k5,2
: 7
a1 ( 8 (:mg[e - wM-_\[e) = 29.6 50.0 30.4 50.8 5.1
B /2 F AR
ry 1 = 1.50 e 2
. t,1 Pp\/Tt,2
Tt g = 1.42 (312')(5;:_
2 .
‘| I C A
Tt 12,8V T /2,av
f Yoy T4, 2axTy, 2=1-42 1.420 1.225 1.0%0 0.854 0.639
(; 3 From plot of (; (step 26) sgaingt 40.4 9.7 58.7 57.5 35.8
g k,2a %o k,2
)
rp (atep @) read at rp, (atep 29)
5 (v'\ From plot o:("' 8\ (step £7) agetnst 89.8 0.0 30.3 20.7 51.0
3, A )
Fl/zg ¥ /2
rp read st Tou
32 _rg) (wgef\ ) (;«5{9)  snd £ig, 2 | 0+460
AT 28 &Wk,h,av F /2a,av
38 |ra, Ty, za = 142 1.420 1.228 1.037 0.845 0.853

T2



Step | Parameter | Known dssign Procedure Radial position
conditlon Tp b Mean c Fub
Using velue of rp, from step 33 repeet
stepms 30 to 35 until comsecutive values
T
of (——h) 1n step 32 agree
Fi/za .
[ T Tz Py ;
EN EE——?E - % From J1ots of i by Vo,o0 Vo, B4 W | | 12061 11007 | 1.0973 10928 | 1.0885
My against rp resd st rp, (fioal)
. .
< 5 P-——za 1.388 1.368 1.350 1.382 1.518
1
% { Vo 2a 218 350 397 463 579
3 | V3,24 712 697 689 654 689
By 46,3 9.2 28.5 15.1 8.7
\39 | My, 0.894 0.687 0.712 0.744 0.822
20 | Vo Vo, 2e Vo,200 Wl flg. 4 778 780 79 824 .90
| p, 25.8 26.6 50.0 4.0 40.0
o,z = 1-0 Ty | + T
t,1 * Tt,2a
- Wt T a2 . . .
62| ooy Tg,1 = L.50 on’t( T, ) 1.00 1.17 1.4 1.78 2.38
I‘t,a.' = 1.42 ‘
sy Op ay Paar a0d £1g. 5 1.98 1.81 1.88 1.94 2.3
847 Y Va,2a 2.16 2 2.0L 2.05 2.48
H x v,"l - v;:l— . .Oﬁ . - - -
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Foce

Btep| Parsmeter Known deslgn Procedurs Redlal position
condition
Tip b Maan e Bub
45| og_gy{1-Dg) X, By, and fig. § 0.65 0.76 0.91 1.17 1.80
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COMPARISON OF CHART AND CALCULATED VALUES

The more important pasrameters obtained by use of the chart procedures
are sumarized in the following table. The analytically calculated values
of the parameters are elso given for comparison and an indication of
accuracy:

Paremeter Chart procedure Analytical caeleulation Parameter
Radial position Radiel position

Tip b Mean c Hub Tip b Mean c Hub
Mi 1.200} 1.081{ 0.933} 0.815{ 0.716 1.200| 1.0684| 0.934| 0.817¢ 0.717 M:'L
Bi : 60.0 55.6 50.0 42.7 33.1 60.0 55.7 50.0 42.7 33.2 ﬁi
ﬁéa 46,3 39.2 28.5 13.1 -6.7 46.3 39.8 29.1 15.4 -5.1 Béa
B2a 23.8 26.68 30.0 34.0 40.0 24.0 26.6 29.9 34.1 39.7|B2g
vz,Za. 712 697 689 684 689 712 697 686 679 678 vz,Za
Man .694| .697| .712| .744| .822| .695| .697| .710| .740| .804[Mp,
Dp 51 .55 .35 .34 .25 .35 .35 .35 .33 -25|Dg
Vz,3a 712 691 670 850 829 712 692 871 648 625 |Vy, 5
Mzgy .630| .612| .593| .575] .557 .630| .612} .594) .574] .553|Mz,
Dg 14 .40 43 .46 .51 .38 .39 .42 .45 .51iDg
T3a/T1 1.1061 [1.1017 [1.0973|1.0929 [1.0885 || 1.1066 |1.1021 |1.0976 {1.0928 |1.0882 TSG/T1
P5a/Pl 1.378| 1.360| 1.342| 1.324| 1.306| 1.380) 1.360( 1.342| 1.324| 1.305|Pz,/P;
(rp/ry); = 0.378 {ry/rg)y = 0.377
(rn/ry)zq = 0. 460 (rpfri)zg = 0-471
(rn/Ty)zg = 0.484 (rp/ry)zq = 0.495

Comparison of the values in the table indicates that good sccurscy can
be obtained with the charts. The largest differences in axlsl veloc-
ities and resultant Mach numbers were sbout 2 percent, occurring at the
hub of the rotor-discharge station. At all other stations the differ-
ences were less than 0.7 percent. The flow angles agreed within 0.6° at
all stations except the hub and ¢ positions at the rotor discharge, where
the chart values of the relative flow angles varied 1.6° and 2.3°, re-
spectively, from the analytically calculeted values. The passsge sreas
obtained by the chart procedure were within 1.4 percent of the analyti-.
cally calculsted areas.
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Reference abzolute tangenlial
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Tangential velocity
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CHAPTER X
PREDICTION OF OFF-DESIGN PERFORMANCE OF MULTISTAGE COMPRESSORS

By William H. Robbins and James F. Dugan, Jr.

SUMMARY

Three technigues are presented for estimating compressor off-design
performance. The first method, which is bssed on blade-element theory,
is useful for obtaining only a small part of the compressor map over
which all blade elements in the compressor operate unstslled. The second
method, which involves individual stage performance curves snd a stage-
by-stage calculation, is useful Ffor estimating the performasnce of a com-~
pressor for which religble stage performance curves are availseble. The
third method, which is based on over-all performance data of existing
compressors, may be used to estimate the complete performence map of a
new compressor if the compressor design conditlons are specified.

INTRODUCTION

The availgbility of good analytical techniques for predicting per-
formance maps of designed compressors reduces costly snd time-consuming
testing and development and in addition aids in selecting the best com-
pressor for a gliven epplication. Speclfic information that is required
to achieve these gosgls is the relation between the stall-limit line and
the operating line and the variation of efficiency and pressure ratlo
along the operating line. Therefore, one of the goals of compressor re-
search is to obtaln reliable performance prediction methods. This prob-
lem, which can be consldered as an snalysis of off-desigr compressor per-

formance, is one of the most difficult tasks facing the compressor designer.

Off-design performance 1s defined as the performence of the compres-
sor at flow conditlons and speeds other than those for which the compres-
sor was specifically designed. The off-design snalysis differs from the
design case in that the compressor geometry is given and the obJect is
to find the compressor-outlet conditions for a range of speeds and welght
flows. It is sometimes referred to as the "direct compressor problem,"”
wheress the original design is called the "inverse" or "design problem."
The design problem is discussed in detail in chapter VIIT.



246 < NACA RM E56BQ3a

Prediction of off-design performance is considered in this chapter.
A typicel compressor performance mgp is shown 1In figure 1 with the design
point and the stall-jimlt or surge line indicated. The regions of the
performance mep that are discussed herein are those to the right of the
stall-limit line along lines of constant speed; in other words, the com~
plete compressor map. Three techniques for predicting off-design per-
formance are presented.

In the first method, compressor performance is obtained by first ra-
diaelly integrating compressor blade-element data to cbtain blade-row per-
formence. The performence of successive blade rows is determined by uti-
lizing the computed outlet conditions of one blade row gs the inlet
conditions to the following blade row until complete compressor perform~
ance is obtained. This type of solution for compressor off-design per-~
formance, of course, requires a rather complete knowledge of compressor
blade-element flow, radial integration techniques, boundary-layer growth,
blade~row Interasctions, snd the radisl mixing process. Some of this in-
formation is currently avellseble; although it is limited in many casges,
the amount is steadily increasing. For example, the axial-flow-compressor
blade-element theory and correlation resulis are given in chapters VI and
VII for cascades and single-stage compressors. By utilizing this type of
data, the performance of a compressor blade element can be determined.
Furthermore, the results of chapter VIII provide a means for radial stack-
ing of blede elements to estimste blade-row performance and axial stacking
of blade rows to determine design-polnt performance, provided adequate
blade-element performance date are available. This information can be
applied to the off-design problem and is discussed in detail herein.

The second method 1s somewhat more simplified than the first, in that
the average performance of each stage is obtained and the stages are axi-
ally stacked to acquire the compressor mep. Therefore, nelther blede-
element data nor radilsl integration is necessary to obtain = performance
map by this method., The success or fallure of the technique depends upon
the accuracy of the individunal stage performence curves used for the com-
putation of over-all performence. This method is used in the analyses of
nultistage-coampressor performance in references 1 to 6 and in chapter
XIIT (ref. 7).

The final method of predicting multistage-compressor performence that
is discussed in this chapter 1s based on data obtained from over-all per-
formence maps of previously designed compressorg. It is considersbly more
simplified than the first two methods, because there are no integration
procedures or stage-stacking techniques involved in the camputation of
performance maps. This method was first proposed in reference 8 and was
subsequently used in the anslysis of two-gpool compressor performance in
reference 9, In the present chepter, data from seversel multistage com-
pressors are correlated, so that 1t is possible to obtain a complete per-
formance map from known compressor design conditions by means of a few
simple and short numerlcal calculatlons. ' ' '

g8ve
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Essentially, the purpose of this chapter is to review the methods
currently availasble for predicting multistage-compressor performance.
Although the techniques apply primarily to fixed-geometry compressors,
they may be adapted to study operation with varisble gecmetry and bleed.
The advantages, disadvantages, limitations, and applicability of each
method are discussed.

SYMBOLS

The following symbols are used in this chapter:

A area, sq ft
a speed of sound, ft/sec
c, specific heat at constant pressure, Btu/(1b)(°R)
£ acceleration due to gravity, 32.17 ft/sec2
H total or stagnation enthalpy, Btu/1b
J mechanical equivalent of heat, 778.2 ft-1b/Btu
Kpk  welght-flow blockage factor
M Mach number T
N rotational speed, rpm
P total or stagnation pressure, lb/sq £t
R gas constant, 53.35 ft-1b/(1b)(°R)
r radius, £t
S entropy, Btu/(1b)(°R)
i total or stagnation temperature, R
t static or stream temperature, °R
U rotor speed, ft/sec
v air veloeity, ft/sec
W weight flow, 1b/sec
r-1

Y Qgé)-r -1

1
A coordinate along axis, ft

S
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B air angle, angle between air velocity and axial direction, deg )
T ratio of specific heats -
3] ratio of total pressure to NACA standard sea-level pressure of

2116 1b/sq ft
5% boundary-layer displacement thickness

efficiency é

e ratioc of total temperature tc NACA standard sea-level temperature

of 518.7° R :
o density, lb-secZ/ft%
) flow coefficient
¥ pressure coefficient
Subscripts:
a stagnation conditions N
ac actual conditions -
ad adlaebatic .
an annulus
b backbone
d design
h hub
1 reference position, radial station where variables are known
id ideal
in compressor inlet
m mean
out compressor outlet
r radial direction . : . . S
ref reference )
8 stall limit .
sl NACA standard sea~level conditions
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t tip
z axial direction
8 tangentigl direction

g’é’ station numbers (fig. 2)
2

Superscript:

' denotes conditions relastive to rotor blade row

METHODS OF PREDICTING OFF-DESIGN PERFORMANCE
Blade-Element Method

Blade~element theory is used extensively in the compressor design
technique (ch. VIII). Compressor blades are evolved by a radial stacking
of a series of blade sections or blade elements to form the complete
blade. The theory proposes, therefore, that the blade-row cheracteris-
tics can be determined if the performance of each blade element is known
end that over-gll compressor performance can then be obtalined by an in-
tegration of the performance of each blade row. In this section, blade-
element theory is applied to solve the off-design problem.

Basically, the solution for the off-design compressor performance
proceeds as follows: From specified inlet conditions and blade geometry,
the outlet conditions are computed from a knowledge of the flow gbout
blade elemenis and with the conditions that contimuity and radial equi-
librium must be satisfied. Allowances mist be mede for boundary-layer
growth, blade-row interaction effects, and radial mixing of blade wekes.
The approach 1s admittedly an idealized one at present, since much of
the information (blade-element losses at off-design operating conditions,
boundary-layer growth, interactions, and radisl mixing of blade wskes)
required to carry out this cslculation is not currently availsble. The
general method is presented, because 1t has the greatest potentiality for
providing g picture of the internsl-flow mechanism through a compressor
at off-design opersting conditions. A method for computing the perform-
ance of a complete compressor stage (inlet guide venes, rotors, and
stators) is outlined; recourse 1s made to the equations and techniques
for radial stacking of blade elements presented in chapter VIII. The per-
formance of successive stages can be determined by utilizing the computed
outlet conditions of one stage as the inlet conditions to the following
stage.
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Performence of inlet guide vanes. - Gulde vanes are utilized to es~
tgblish a specified prerotation et the design condition {(ch. VIII}. For
the off-design problem, it is necessary to determine the effect of chsnges
-in weight flow and speed on guide-vane performance. _

Experimental evidence indicates that the effect of variastions of
inlet Mach number and secondary flows (caused by variastions in weight
flow) on guide-vane turning angle is very small over the range of inlet
Mach numbers ususally encountered in axial-flow-compressor guide venes
(0.3 to 0.5). Also, changes in rotor speed have very little effect on
turning engle. Therefore, for the purpose of this analysis it can be
assumed that, for fixed-geometry gulde vanes, the gulde-vane-outlet angle
remains constant (the design value) for all values of speed and weight
flow if the subsequent rotor is operating unstalied.

With the gulde-vane~outlet angle fixed, the outlet velocity distri-
bution may be computed. The radisl varistion of axial and tangentlal
velocity leaving an annular row of blades for steady exlially symmetric
flow, neglecting terms involving viscosity, 1ls expressed in chapter VIIT
as Tollows:

. 3y 3v, V5 dv
s6 E-dst T+ Vo vV et T - Vo 3% (2)

For flow across inlet gulde vanes, the total enthalpy 1s constent and
entropy veriastions along the radial height can be considered negilgible
in most cases, making OH/Or = 0 and t g% = 0. In addition, experi-
mental data for guide vanes with small wall taper asnd relatively low-
aspect-ratio blading indicate that the effect of radial aceerlerations
and the radial velocity component can be neglected with little error.
Therefore, when equation (l) is integrated with respect to r, the fol-
lowing equation results:

. 2
A s8in“B
<v = \ = <—COB BY exp |- —Lar (2)
z,1/1  \CO8 Bi/1 ry T

Equation (2) can be utilized to express the exial velocity in terms
of outlet angle and radisl posltion for zero radial gradients of enthalpy
and entropy and no radial veloclty component. (Subscripts 0, 1, 2, and 3
denote axial stastions and are indicated in figure 2 on a schematic dia-
gram of a compressor stage. A typlcal velocity disgram is shown in fig-
ure 3.) In order to solve for values of axisl velocity at all radial
positione, a vaelue of reference axial veloclty must be assumed.

The assumption*of the reference axial vélocity can be checked by
means of the continuity equation, since the. conditlon that the inlet
welght flow equals the outlet welght flow must be satisfled. The con-
tinuity egquation can be expressed as follows:
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r T —S*
e =K v _ 2 © PL
Wo=Ww) = kaﬂpa’og B""Vz,l rdr = npa,og E‘"—'Vz,l r dr
ry a,0 rh+8* a,0 .

where
L

r-1
Pe,0 2 \8g,0

for the case of inlet guide vanes.

From equations (2) and (3) an iteration solution 1s necessary to
solve for the correct axial veloclty to satisfy weight flow. The area
blockage caused. by boundary-layer growth 1s teken into account by the
limits of integration of equation (3), so that values of (rn+5%) and
(ry-8%) correspond to the effective passage area rather than to the geo-
metric area, or by the use of the blockage factor Kpkx described in

chapter VIII. Experimental results indicaete that the ratio of effective
area to actual passage area is approximately 0.98 at station 1. ZEqua-
tions (1) to (3) do not consider guide-vane losses. Since little data
are gvailable for estimating gulde-vane losses, it is difficult to ob-
tain a complete loss picture. However, if at all possible, it is de-
sirable that a reasonable estimate of the losses be made. In some cases
a guide-vane over-all efficiency is assumed. Some informstion that may
be helpful in estimating losses 1s presented in reference 10.

Rotor asnd stator analysis. - With the guide-vane-outlet (rotor-inlet)
conditions fixed, the rotor-outlet calculations can proceed. The pro-
cedure for determining the performence of the rotor is more complicsated
than that for the gulde vanes, and the following informaetion must be
provided: .

(1) Blade camber

(2) Blade angle } determined from blade geometry

(3) solidity

(4¢) Relative inlet-air angle

(5) Relative inlet Mach nuﬂber} determined from inlet conditions
(8) Rotor speed

With this information availsble, blade-element results similar to those

in chepters VI and VII are required to determine the turning angle and
therefore the variation of rotor-outlet alr angle.

eoypanenuiih
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In order to cbtain an approximste velocity distribution at the rotor
exit, zero losses are assumed between siations 1 and 2 and simple radial
equilibrium with no radial entropy gradient is assumed at station 2. The
simple-radial-equilibrium equation can be expressed as follows:

VZ 5 - 2,2’1 = [KU-- v, fan B')%,i - (U ;_V; tan Bv)%] +

1
2
(U-Vv, tan B')3
23gep (T - Tg,q) + 2 = ar (&)

where

Jge Ty = JgegTy - UpVg 1 + UplU - V, tan B'),

P

As in the case of the inlet guide vanes, the variation of outlet axial
velocity V, can be determined by assuming a reference value of outlet

axial velocity Vz,i' The assumption of Vé,i can be verifiled by means
of the continuilty equation (eq. (3)), where

L
-1
v\ "
P2 JeepTy +UaVg,2- U1Vg,1 - & _
Py 1 Jgo T (s)
a,l &Cpty ,

for the rotor blade row with no losses. The simltaneous solutions of
equations (3) and (4) for the rotor require a double iteration for axial
velocity. BSolutions of equations of this type are readily adaptable to
high-speed electronic computing equipment.

The solution of equations (3) end (4) provides only a first spprox-
imation to the rotor-outlet velocity distribution, becanse no allowance
for losses is included in the calculstion. One way of refining this
calculation to account for losses is hy the use of the equilibrium equa-
tion with the entropy-gradient term included. The equilibrium equation
with entropy gradlent is glven in chapter VIII and can be expressed as
follows:
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vg:z - Vg,z,i = [(U -V, ten B')%,i - (U -V, tan B')%] +

i 1 5]
(U- Vp tan B')§ (%)
2Jgep(Tp - Tp ) + 2 = dr + 2JgR t = ar
r .
(6)

r

A detailed discussion of the solution of equations (6) end (3) for the
design case is presented in chapter VIII. A solution of these equations
to satisfy the off-design problem is similar and requires detailed knowl-
edge of boundary-layer growth and blade-element losses over the complete
range of operating conditions. Although complete loss informstion is not
readily available st the present time, the relations between the diffusion
factor and blade-element losses (chs. VI and VII) might be used for op-
erating points in the viclnity of the design point. If a sclution of
these equations 1s obtained, mass-averaged values of rotor over-all
pressure ratio and efficiency can be calculated.

The blade-element calculstions for the stator blade performsnce are
similer to those for the rotor. Values of ocutlet axial velocity can be
determined by an iteration solution of equation (6) where the subscript
1 becomes 2, the subscript 2 becomes 3, and the term (U - V, tan B') be-

comes (VZ tan B). Continuing this iterstion process blade row by blade

row through the compressor will ultimetely provide the compressor-outlet
conditions.

Remarks on blade-element method. - Unfortunately, at present the
complete blade-element—~flow picture is unknown. In the region near the
compressor design polnt, adequate blade-element data are availgble for
entrance stages. However, the variations of loss and turning angle have
not been esteblished as compressor stall is gpproached. In addition,
boundary-layer theory does not as yet provide a means of calculating the
boundary-layer growth through a multistage compressor, and there are no
unsteady-flow results, blade-row interaction effects, nor data concern-
ing radial mixing of blade wakes that can be gpplied directly to compres-
sor design. N

The preceding analysls reveals the gaps in our knowledge (particu-
larly off-design blade-element deta) that must be bridged by future re-
search programs. In view of the length of the preceding celculation, it
probebly is not Justlified st present unless a good estimaste can be made
of the blade-element flow at off-design operating conditions. As stated
previously, the method is presented because it has the greatest potenti-
ality for providing a complete picture of the internal-flow mechanism
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through a compressor at off-design operating conditions. Of course, one
obvious way of simplifying the calculation would be to carry it out at
only one redius of the compressor. This procedure would not be exact;
however, a qualltative plcture could be obtalned of the compressor opet-
ating charecterigtics.

Btage-Stacking Method

Over-all compressor performence for & range of speeds and weight
flows mey be estimated by a stage-stacking method. The performance of
each stage of the multistage compressor is obtained and presented so that
its performence is a function only of 1is 1lnlet equivalent weight flow
and wheel speed. For assligned values of compressor weight flow and speed,
the first-stage performance yilelds the inlet equivalent flow and wheel
speed to the second stage. A stage-by-stage calculation through the cou-
pressor gives the individual stage pressure and temperature ratios, so
that over-all compiressor Predsire rdtio and efficiency can be calculated
for the assigned values of compressor welght flow and wheel speed.

Stage performance. - Single-stage performance tests are convenient-
ly made at constant speed, sco that performance 1s very often presented
as plots of pressure ratio and adisbatic efficiency agalnst equivalent
weight flow for constant values of equivalent speed. Such plots, how-
ever, are not convenlent to use in applying the stage-stacking method,
and stage performance for this use is presented as plots of effilciency
and pressure coefficient against & flow coefficlent. These dimensionless
quantities are defined by the following éguations:

A3

ch T Z,Y

& &

® =<%§)m (9)

Representative single-stage performance curves gre shown in figure
4., These curves mgy vary lin the multistage environment (ch. XIIT (ref.
7)); however, for undistorted inlet flow, stage performance generalizes
qulte well for a considerahle range of Reynolds and Mach numbers. The
stage characteristics at different speeds may be presented as a single
line (fig. 4) for relative stage-inlet Mach numbers up to approximately
0.75. An exception i1s made for stage operation at low angles of attack.

98%¢
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Even for relatively low velués of relative stage-inlet Mach number, the
flow coefficlent denoting a choked condition changes with wheel speed,
s0 that a family of curves is required in the high-flow-coefficient
range. Stage performance for relative stage-inlet Mach numbers higher
than about 0.75 may be presented as a Tamily of curves for the different
wheel speeds. Stage performance is influenced by flow distortion at 1ts
inlet, but very little quantitative information is available.

Sources of stage performance. - The stage performance curves needed
for the stage-stackling method may be obtained from single-stage and multi-
stage testing or from theoretical calculations. The chief shortcoming of
the single-stage test data aveileble to date is the lack of information
concerning radial maldistribution of flow and unsteady flow. Such in-
formation is needed to estimate over-all compressor performance by the
stage-stacking method; for example, at low wheel speeds, the inlet stage
of a multistage compressor operates stalled so that the inlet flow to the
second stage often is far from uniform.

Stage performance obtained from interstage data on multistage com-
pressors (see refs. 4, 11, and 12) includes specific amounts of radial
maldistribution of flow; for exemple, the stalled portions of the second-
stage curves are obtained for inlet flow affected by stall in the first
stage. .

The difficulty in estimating stage performance from theoretical cal-
culations is concerned with the fact that the flow in a compressor is
three-dimensional, while the basie data normelly used are based on two-
dimensional flow. Employing blade-element theory to obtain stage per-
formence involves all the difficulties discussed in the section entitled
Blade-Element Method. As before, the calculation bresks down when a
blade element stalls. A theoretical method of estimating stage perform-
gnce along the mean line 18 presented in reference 8. Conditions at
the mean dismeter are taken as representative for the stage. For stages
having bub-tip radius ratios lower than 0.6, reference 8 indicates that
some form of integration of the individual blade-element characteristics
(possibly by means of the blade-element method) along the blade height
should be attempted. An exsmple of stage performance calculated from
mean dismeter conditions is presented in appendix I of reference 8.

Stacking procedure. - In order to estimate the performance of a
multistage axial-flow compressor with a stacking procedure, the following
must be known:

(1) Stage performance curves of each stage
(2) Annulus area at inlet to each stage
(3) Meen radius at inlet to each stage

(4) Design value of absolute flow angle at inlet to each stage
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The over-sll compressor performance can be calculated for assigned val-
ves of compressor-inlet equivelent weight flow W4/Ql/81 and rotative

speed Um’l/lvel. The vealue of flow coefficient into the filrst stage is
found from

<
N
]

B!

(10)

P
1
[
B
o

A

where the value of vz’l/fVGl is read from curves representing the fol-
lowing equation:

1
2 —
w46 Vg <V2> 1 —l T-1
= 1 - (= 8Ps1 11
BAgpn Vo Yo Zchstz coszgl ° ()

The area term Ag, 1in equation (11) is commonly taken as the geometri-

cal annulus erea. However, experience has shown that more realistic val-
ues of axial velocity are obtained from eguation (ll) 1f effective annu-
lus area is used. In order to determine effective annulus area, the -
boundary-lasyer growth through the compressor must be known (ch. VIII).
Again, information concerning the growth and behavior of the boundary
layer in an axlal-flow compressor i1s reguired for the off-deslgn case.

The first-stage performance curves yield values of *1 and L

that permit celculation of the first- stage pressure ratio and temperature
ratic from the following equations:

l

= |, @) | _ .

P JgCPTS?'

g
Unm,1
T 1 h(’s-’ 91)

—_— 13
Tl T lJ ngTS z ( )

9g%¢
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The values of eguivalent flow and speed at the Inlet to the second stage
are calculated from

3
53 51 Pz -
Py
O3 _ Uyl Tm,3 1 (15)
{63 401 ru,1 [T3
i

The values of equivalent weight flow and equivalent wheel speed at the
second-stage inlet determine the value of the flow coefficient Pz, so

that the second-stage pressure and tewmpersture ratios may be calculated
from the values of ¥z and nz. The stage-by-stage calculation is con-

tinued throughout the compresgor, and over-all pressure ratio and effi-
clency are calculated from the compressor-inlet and -outlet pressures
and temperatures. Thus, for any wheel speed, the over-all coumpressor
pressure ratlo and efficlency can be calculated for each assigned value
of compressor weight flow.

In calculating a cowmpressor performance map, some means must be
employed for estimating the surge line, which influences starting, ac-
celeration, and control problems. One scheme is to draw the surge line
through the peak-pressure-ratio points of the over-a2l1l performance map.
If the stage performance curves exhibit discontinuities, surge at any
coupressor gpeed may be taken to correspond to flow conditions for which
a discontinuity is encountered in the performance curve of any stage.

Remsrks on stage-stacking method. - The stage-stacking method may
be used as s research tool to investlgate compressor off-design prob-
lems or to estimate the performance of an untested compressor. In ref-
erence 3, the stage-stacking method was employed to indicate qualitative-
ly the operation of each stage in a high-pressure-ratio multistage com-
pressor over a full range of operating flows and speeds, the effect of
stage performance on off-design performance, the effect of designing for
different stage-matching points, and the effect on over-all performance
of loading exit stages and unloading inlet stages by resetting stator
blade angles. The part-speed operation for high-pressure-ratio multi-
stage axial-flow compressors is anslyzed in chapter XIII (ref. 7) with
regard to the surge-line dip and the multiple performance curves that
exist in the intermediaste-speed range. In both these references,
stage performance curves were assumed.
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The difficulty in estimating the perforwance of an actual compres-
sor lies in. obtaining reliable stage performance curves. Use of stage
curves obtained from a given multistage compressor results in good per-
formsnce estimation of a compressor hav1ng_51milar stages and only a
slightly different over-all design pressure ratio. This is 1llustrated
in reference 5, where the performance of a wodified compressor is pre-
dicted from the stage curves of the original version of the compressor.
The results of this performasnce-msp predictlion by the stage-stacking
method are illustrated in figure 5. Cealculated and weasured values
agreed particularly well at the higher compressor speeds.

This method is also useful for determining the effects of interstage
bleed and varlable gedmetry on compressor performance. In the Interstage
bleed calculation, the £low coefficient. ¢ can be adjusted for the amount
of air bled from the compressor. The effect of variable geometry can be
accounted for in the calculation procedure if the variation of the stage
curves is known as the compressor geometry 1s varied.

Simplified Method

A dravwback coumon to the blade-element and stage-stacking methods of
estimating over-all compressor performance is the length of time required
for the calculatiors. A simplified method reguiring much less calculating
time is discussed herein. Thls method provides a means of obtaining the
performance map of a new compressor from the results of’ previcusly de-
signed coumpressors. Correlation curves are provided tao facllitate the
calculation.

Background inforuwation. - In reference 8 a method for predicting
multistage-compressor performance is outlined. It was used to estimate
the performence wsp Of a newly designed compressor having blading similar
to an existing compressor but slightly different design values of weight
flow, pressure ratio, wheel speed, and numbér of sgtages. The applica-
tion of this method to new coupressor designs is, of course, restricted
to cases where a compressor map of a simller existing compressor is
available. . ' _

In this report, an attempt 1s made to extend the method presented in
reference 8 to a2 more general case. Therefore, experimental data on
eight multistage cowmpressors were collecied, correlated, and plotted in
curve form, so that multistage-compressor performance maps of new com-
pressors could be cbtained easgily from a knowledge of the design condi-
tions alone. The method presented herein is similar to that used in ref-
erence 9 to obtain multistage performance maps. There.are three phases
of the calculation procedure. First, points of maximum efficiency at
each speed are calculated. The line of maximum efficiency is called the
backbone of the compressor map, &nd velues aslong this line are termed
backbone values. Second, the stall-limit line is determined, and values
along the stall-liwmit line are referred to as stall-limit values or

98%g
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stall-1imit points. Finally, points slong lines of constant speed are
calculated from the stall limit to maximum flow. The integration of
these phases results in a complete compressor performance map.

Calculation of compressor backbore. - Experimental over-all perform-
ance maps (similar to fig. 1) of eight compressors (listed in teble I)
were obtained. For the condition of maximum adiebatic efficiency at each
speed, values of pressure ratio, weight flow, and efficiency were tabu-
lated. From these backbone values, the reference-point values of speed,
pressure ratio, weight flow, and adiabatic efficiency were found. The
reference point of a compressor map, which is not necessarily the design
point, is defined as the point of maximum polytropic efficiency of the
coupressor backbone.

The effect of reference-point pressure ratio on backbone character-
istics is shown in figure 6, where each backbone value is plotted as a
percentage of its reference-point velue. In figure 6(a), values of back-
bone pressure ratio are plotted agalnst reference pressure ratio with
equivalent rotor speed as g parameter. Similsr plots of hackbone weight
flow and adiabatic efficiency are shown in figures 6(b) and (c),
respectively.

The backbone of a new compressor may be calculated from figure 6 and
known reference-point values of pressure ratio, weight flow, adiabatic
efficiency, and rotor speed. For the reference pressure ratio, the back-
bone values of pressure ratio, welght flow, and efficiency at various
speeds are read from figure 6. Absolute backbone values are obtained by
multiplying the values read from figure 6 by appropriate reference-point
values.

Calculstion of stall-limlt line. - The effect of reference pressure
ratio on stall-limit or surge-line characteristics is shown in figure 7,
in which stall-l1imlt pressure ratio 1s plotted agelngt reference pressure
ratio with stall-1imit weight flow as & parameter. The values of stall-
limit weight flow and pressure ratio are plotted as percent of the ref-
erence values. The stall-limit line of a new compressor may be calcu-
lated by multiplying the stall-limit values of pressure ratlio and weight
flow read from figure 7 for the known reference pressure ratio by thelr
respective reference values. Stell-limit lines estimated in this manner
are single-valued; whereas, the stall-limit lines of some actual com-
pressors are multivalued (ch. XIII (ref. 7)).

Constant-speed characteristics. - The constant-speed characteristics
of an existing compressor may be obtained from its performence mep. For
several points along each speed line, values of temperature rise
(Tout - T4n)/61, adisbatic efficiency 7,4, and flow parameter

(vyn ¥B30/51n) (¥ Tout/Tin/ #Pous/Pin ) &re calculated and divided by

their respective backbone values to yield relative values of temperature
rise, efficiency, end flow parameter. Values from the entire compressor
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map tend to give a single curve of relative tempersture rise against
relative flow parameter and a single curve of relative efficlency against
relative flow parameter. These two curves define the constant-speed
characteristics of a compressor. Plots of this type are illustrated in
figure 8. - The data points represent seven different compressor speeds,
and in general the correlation of date at all speeds 1s relatively good.

In figure 9 faired curves are plotted representing the constant-
speed characteristics of four compressors. designed according to the basic
principles outlined in chapter VIII. When specific data are lacking oh
the constant-speed characteristics of a newly designed compreassor, an
average of the curves of figure 2 could propably be used successfully
for the compressor constant-speed characteristics, 1f the design system
is similar to that presented in chapter VIII.

The lines of constant speed for a deslired compressor performance map
may be calculated from a given set of constant-speed characteristic
curves and the calculated backbore values. For each speed, relative
values of flow paraméter are assigned and relative values of temperature
rige and efficlency are read from the constant-speed curves. Absolute
values are calculeted from these relative values and the appropriate
backbone values. In the use of these curves, one end is limited by the
stgll-limit 1ine and the other end by the meximm-welght-flow value.
Compressor pressure ratio is calculated from the values of temperature
rigse and efficlency, and compressor weight flow i1s calculated from values
of temperature ratio, pressure ratic, and flow parameter.

Comments on reference point. - As stated previously, the reference
roint is defined as the point of meximum polytropic efficiency of the
compressor map. Experimental data indicate that the reference point is
usually found at valuées of compressor speed somewhat below the actual
design speed. ‘Unforitunately, attempts to obtain an exact relatlion be-
tween the actual compréssor design point and the reference point were
unsuccessful. In the case of the four NACA compressors that utilized
the design principles of chapter VIII, the reference speed varied from
90 to 100 percent of the avtual design speed. This fact may be helpful
in establishing the relation of these two points.

The following procedure may be used to compute reference conditions
from design conditions for a particular ratic of degign speed to refer-

ence speed (N/4/6)q/(N/ A8) op:

(1) A trial value of reference pressurg ratio 1s selected
(Pout/Pindrers S e

asye



EOD

NACA RM E56BO3a S 261

(Pout/ Pin)b

(Pout/?in) ref
is read from figure 6(a) for the values of (Pout/Pin)ref and

(n/ ’\[é)d_
—_— 100.
¥/ V) ap

(3) A value of (Pout/Pin)ref is calculated from

(2) A value of backbone total-pressure ratio 100

(1e)
P Pout

Pin /v
(Pout>
Pin /ref
If this calculated value does not equal the trial value from step (1) s
steps (1) to (3) are repeated until the two values do agree.

(wn/6/5)
(4) A value of Ca 7/875) b 100 is read from figure 6(b) for the
ref
and
ref

values of | =—— ———— 100.

Pin
(5) The value of (w4/6/8),.er 15 calculated from

(u@) - (E%@>d
Tl (g
b

.

8 /Jref

< P out>
( P out - Pin a
ref

in

(17)

N .
(6) A value of n—a'i’-b— 100 is read from figure 6(c) for the values
ad,ref

Pout @/ nf6) g
of (Pin >ref and m 100-
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(7) The value of Nad,ref "is celculated from

nad,d (18)

Nad,ref = m
ad,b
Nad,ref

Remarks on Eimplified method. - How closely the performance map
calculeted by the simplified method will conform with the actual per-
formance map depends on each phase of the calculation. ' The agreement
depends on (1) how well the avallsble compréssor performance msps gen-
eralize to backbone, stell-limit, and constant-speed curves, (2) how
closely design conditions are realized in the new compressor, and (3)
how accurately reference-point conditions are calculated from design
conditions. The performance maps of the limited number of compressors
deslgned along the lines suggested in this volume have had some affin-
ity in shape. As previously noted, however, double-valued stall lines
cannot be anticlpated by this method.

CONCLUDING REMARKS

Three techniques have been presented for estimating compressor off-
design performsnce. The first method, which is based on blade-element
theory, is useful for obtalning only a small part of the compressor map
over which all blade elements in the campressor remain unstalled. This
technique 1s restricted at present because of the limited amount of
available information concerning off-design blade-element data, boundary-
layer growth, blade-row interaction effects, and radial mixing of blade
wekes. This method hes the greatest pctential for providing a complete
picture of the internal-flow mechanism through a compressor.

The second method, which involves individual stage performance
curves and a stage-by-stage calculation, 1s useful for estimating the
performance of a compressor for which relisble stage performance curves
are availgble. In addition, this method has been used effectively es a
research tool to determine the effects of interstage bleed and variable
gecmetry on compressor performence.

The third method, which 1s based on over-all performance data of
existing caompressors, may be used to estimate the complete performance
mep of a new compressor if the compressor design conditions are speci-
fied. At present, it is as effective as the other methods and has the
advantages of simplicity and short calculating time.
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TABLE I. - EXPERIMENTAL COMPRESSOR DATA
Coupressor Iniet Reference Stages Outer Inlet Refer-
guide | pressure diam- hub- ence
vanes | ratio eter, tip
in. ratio
1l. ©BSubsonic Yes 2.08 6 15.75 0.575 -
2. Subsonic Yes 3.00 10 19 0.5 -
3. Subsonic Yes 3.48 12 Vari- 0.6 -
able
4, Transonic No 4,02 5 20 0.50 13
5. Subsonic Yes 5.53 10 20 0.55 14
6. Transonic No 7.35 8 20 0.48° 15
7. Subsonic Yes 9.20 16 33.5 0.55 4
8. Transonic No 10.26 8 Vari- 0.46 6
able
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Adiabatic efficiency, ngqg

Over-all total-pressure ratio, Pout/Pin
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Figure 2. - Schematlc diagram of compressor stage.

Figure 3. - Typlcal veloclty dlagram.
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Backbone equivelent welght flow, (w./8/6),,, percent reference
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